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Abstract
Plasmons, i.e. collective oscillations of conduction electrons, have a strong
inﬂuence on the optical properties of metal micro- and nanostructures and are
of great interest for novel photonic devices. Here, plasmons on metal-dielectric
interfaces are investigated using near-ﬁeld optical microscopy and diﬀerential
angular reﬂectance spectroscopy. Emphasis is placed on the study of plas-
mon interaction with individual nanostructures and on the nonlinear process
of surface plasmon ampliﬁcation.
Speciﬁcally, plasmon transmission across single grooves in thin silver ﬁlms
is investigated with the help of a near-ﬁeld optical microscope. It is found that
plasmon transmittance as a function of groove width shows a non-monotonic
behavior, exhibiting certain favorable groove widths with strongly decreased
transmittance values. Additionally, evidence of groove-mediated plasmon mode
coupling is observed. Spatial beating due to diﬀerent plasmon wave vectors
produces distinct interference features in near-ﬁeld optical images. A the-
oretical approach explains these observations and gives estimated coupling
eﬃciencies deduced from visibility considerations.
Furthermore, stimulated emission of surface plasmons induced by optical
pumping using an organic dye solution is demonstrated for the ﬁrst time. For
this a novel twin-attenuated-total-reﬂection scheme is introduced. The exper-
iment is described by a theoretical model which exhibits very good agreement.
Together they provide clear evidence of the claimed process.
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1 Introduction
Current technological progress involves quantum electronic devices such as
quantum wells, quantum dots, single-electron transistors, as well as photonic
devices such as wave guides, photonic crystals and others for information pro-
cessing applications. Managing data requires devices that transform signals
between optical and electronic functional structures and vice-versa, although
there is a tendency to replace slow electronic devices completely by faster
photonic ones. The scaling of photonic and optoelectronic devices to smaller
and smaller dimensions and their assembly in integrated circuits requires novel
approaches to light manipulation.
One approach is based on photonic crystals. They allow the control of
dispersion and propagation of light in a periodic photonic crystal structure
[Johnson et al., 2002]. The tailoring of desired properties has led to pho-
tonic band-gap structures, which provide eﬃcient interconnection between el-
ements of photonic circuits and passive components, such as ﬁlters, waveguides,
nanocavities, and others. Implementation of all-optical integrated circuits also
requires active photonic elements capable of optically performing operations
analogous to their electronic counterparts. Linear optical properties and light
manipulation in photonic crystals are signiﬁcantly developed, however, non-
linear optical eﬀects which are required for the development of all-optical in-
tegrated circuits (e.g optical transistors) are much less investigated.
Another approach to photonic integration is based on surface plasmon
polariton optics. Surface plasmons (SPs) are surface-bound electromagnetic
waves supported by metals [Raether 1988]. Recent years have seen a strong
revival of the interest in such excitations, motivated by the possibility they of-
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fer for realizing a strong spatial conﬁnement of electromagnetic ﬁelds. Because
SPs are surface-bound waves, light manipulation can be restricted to only two
dimensions. This signiﬁcantly simpliﬁes the procedure, e.g. full band gaps
are much easier to achieve in two dimensions. The SP electromagnetic ﬁeld
decays exponentially from the surface, thus it cannot be observed before it is
scattered into light, e.g. at surface defects or speciﬁc functional structures.
Near ﬁeld optics and surface plasmons are related physical phenomena.
Both involve excitation and propagation of high-frequency electromagnetic
ﬁelds in environments composed of diﬀerent materials. Evanescent (i.e. in-
terface bound) ﬁelds are a key point in both topics [e.g. see De Fornel et al.,
2001]. Research activities in the two ﬁelds strongly inﬂuence each other and
this has lead to much fruitful cross-thinking [Kawata, 2001]. With the devel-
opment of scanning near-ﬁeld optical microscopy (SNOM) [Pohl et al., 1984]
it became possible to probe the SP ﬁeld directly at the surface [Reddick et al.,
1989; Courjon et al., 1989; de Fornel et al., 1989; Marti et al., 1993; Adam
et al., 1993; Dawson et al., 1994, 2001; Tsai et al., 1994; Bozhevolnyi et al.,
1995]. The scattering of SPs and localization have been investigated in order to
establish the idea of two-dimensional SP optics [Tsai et al., 1994; Bozhevolnyi
et al., 1995, 1996; Hecht et al., 1996; Krenn et al., 1999; Bouhelier et al., 1999;
Knoll et al., 1999; Weeber et al., 2001; Barnes et al., 2003;]. Two-dimensional
SP photonic crystals exhibiting a plasmonic band-gap have also been reported
[Laks et al., 1981; Glass et al., 1984; Barnes et al., 1996; Salomon et al., 2001;
Bozhevolnyi et al., 2001]. Moreover, SP waveguiding in SP crystals, enhanced
optical transmission through nanosize holes, as well as light-controlled opti-
cal switching have been demonstrated [Glass et al., 1984; Barnes et al., 1996;
Ebbesen et al., 1998; Salomon et al., 2001; Bozhevolnyi et al., 2001; Smolyani-
nov et al., 2002]. Many interesting ”plasmon optical devices” were brought
forward [Krenn et al., 2002 and 2004], for example waveguides [Weeber et al.,
2001], mirrors [Bozhevolnyi et al., 1997], and a plasmon interferometer [Ditl-
bacher et al., 2002]. It is now widely expected that SPs will play an important
role in future integrated nanooptical devices.
3Historical Milestones Releated to Plasmon Research
In 1704 Newton observed frustrated total reﬂection when he brought a to-
tally reﬂecting prism face in contact with a convex lens, thus he discovered
evanescent electromagnetic ﬁelds (or near-ﬁelds), although he did not know
about the ﬁeld concept [Newton, 1704]. Zenneck in 1907 and Sommerfeld in
1909 demonstrated theoretically that radio frequency surface electromagnetic
waves occur at the boundary of two media when one medium is either a ”lossy”
dielectric, or a metal, and the other is a loss-free medium (note: error in sign
in [Sommerfeld, 1909], see [Norton, 1935]; see also [Bouwkamp, 1950] for a
review of previous work) [Zenneck, 1907; Sommerfeld, 1909]. Fano suggested
in 1936 that surface electromagnetic waves were responsible for the anoma-
lies in the continuous-source diﬀraction spectra of metallic gratings (Wood’s
anomalies) [Fano, 1936, 1937, 1938]. In 1957 Ritchie showed theoretically the
existence of surface plasma excitations at a metal surface [Ritchie, 1957]. In
1958 Stern and Ferrell pointed out theoretically that surface electromagnetic
waves at a metallic surface involve electromagnetic radiation coupled to sur-
face plasmons. They derived, for the ﬁrst time, the dispersion relation for
surface electromagnetic waves at metal surfaces [Ferrell, 1958]. Powell and
Swan (1960) observed the excitation of surface plasmons at metal interfaces
(thin metal foils) using electrons [Powell & Swan, 1960]. Otto in 1969 devised
the attenuated-total-reﬂection (ATR) method for the coupling of bulk electro-
magnetic waves to surface electromagnetic waves at optical frequencies [Otto,
1968]. Kretschmann and Raether modiﬁed the Otto geometry in the same
year, proposing the now most widely used device geometry [Kretschmann and
Raether, 1968]. In the following years strong interest lead to numerous publi-
cations. A good overview until the beginning of the eighties can be found in a
book by Agranovich [Agranovich, 1982]. After this period interest faded. Since
the invention of scanning probe techniques many approaches to investigating
surface plasmons became known, but it dates back only to the nineties of the
last century when systematic investigations lead to a revival of the research on
surface plasmons.
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Objective and Outline
The objective of this work is to investigate local surface plasmon properties in
thin metal ﬁlms. This includes imaging of surface plasmon ﬁelds by near-ﬁeld
optical microscopy, understanding of near-ﬁeld image contrast and inﬂuence of
diﬀerent near-ﬁeld probes. Single grooves in the plasmon-supporting metal ﬁlm
will be studied with respect to their inﬂuence on surface plasmon propagation.
Especially plasmon transmission properties across grooves are addressed, since
a non-monotonic dependance on groove width is expected [Maradudin et al.,
1983].
Furthermore, the possibility of stimulated emission of surface plasmons
will be treated theoretically and the feasibility of experimental implementa-
tions will be examined. Ampliﬁcation of surface plasmons is of great inter-
est for application in nanooptics [Stockman et al., 2003]. Large spatial ﬁeld
ﬂuctuations and energy concentration in nanosize volumes and the according
strong enhancement of optical responses are of interest in many research ﬁelds
[Alivisatos et al., 1998; Shipway et al., 2000, Xia et al., 2000].
This work is organised as follows: First, I will brieﬂy review the most im-
portant electrodynamical and solid-state-theoretical concepts that are relevant
to this work in chapter 2. Subsequently, I will discuss experimental methods
and materials that were used in this work in chapter 3. Chapter 4 and 5
present results. In particular I will describe and discuss experimental ﬁnd-
ings and developed theoretical models. I will compare them and I will also
point to open questions and possible applications. A brief summary concludes
this work, describing all important ﬁndings and giving an outlook for possible
routes to follow with this work in mind.
2 Fundamental Concepts of
Surface Plasmons and Organic
Fluorescent Dyes
In this chapter the necessary theoretical background related to this thesis
is presented. Certain properties of surface plasmons are discussed that are
important for the understanding of the following chapters. Emphasis is also
placed on various properties of fluorescent dyes since they are necessary for the
discussion of stimulated plasmon emission in chapter 5.
2.1 Properties of Surface Plasmons
2.1.1 The Term ”Surface Plasmon”
”A trapped surface mode which has electromagnetic fields decaying into both
media but which, tied to the oscillatory surface charge density, propagates along
the interface.”
R. J. Sambles 1991
”We are dealing with a resonant excitation of a coupled state between the
plasma oscillations and the photons, i.e., the plasmon surface polariton.”
W. Knoll 1991
The free-electron model of electrons in metals leads to a dielectric function
ǫ(ω) that can be written [Drude, 1900]:
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ǫ(ω) ∼= 1− ω
2
P
ω2
(2.1)
where ωP is the plasma frequency. The scattering of electrons is not considered
in this case. The dielectric displacement is given by
−→
D = ǫ0
−→
E +
−→
P = ǫ0ǫ(ω)
−→
E . (2.2)
The solution of the electromagnetic wave equation [e.g. see Landau and Lif-
shitz, 1980] leads to the conclusion that surface plasmons in this model can
only be achieved when ǫ(ω) is negative (a rigorous derivation of this condi-
tion can be found in a book by Agranovich and Mills [Agranovich and Mills,
1982, p. 7 ﬀ]). In this case the electrical polarisation is 180◦ out of phase
with the exciting electrical ﬁeld. If the considered medium has an absorption
line at ω0, excitation of the medium just above ω0 will produce a negative
contribution to the electrical polarisation that can be very large. In this case
the electromagnetic wave can be described as a coupled mode consisting of the
electromagnetic ﬁeld and the elementary excitation leading to the resonance at
ω0. Such electromagnetic waves are commonly referred to as polaritons, hence
the terminus surface plasmon polaritons, which would be a correct description
of the phenomenon. Because the distinction of surface plasmons and surface
plasmon polaritons can not be considered a central part in this work, I will
use the term surface plasmons or shorter, plasmons.
Similar eﬀects related to collective two-dimensional free-electron excita-
tions are known for diﬀerent systems such as semiconductor surfaces or elec-
trons above a liquid helium surface [Burstein et al., 1980; Andrei, 1997]. In the
frequency range below the plasma frequency, where the real part of the dielec-
tric constant is negative, related electromagnetic properties are signiﬁcantly
diﬀerent from the properties of ordinary dielectric materials. In this frequency
range the wave vector of light in the medium is imaginary, and therefore there
are no propagating electromagnetic modes in such a medium. The frequency
ωsp of a surface plasmon on a ﬂat surface of a semi-inﬁnite metal can be easily
determined from the frequency of a bulk plasmon in the metal as it corresponds
to Re{ǫm(ωsp)} = −ǫi, where ǫi > 0 is the dielectric constant of the adjacent
dielectric medium. For a Drude metal in contact with vacuum ωsp = ωp/
√
2.
Diﬀerent surface eﬀects and non-local eﬀects in real metals can contribute to
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corrections to the surface plasmon frequency. For a review of previous work
see the books by Agranovich and Boardman [Agranovich, 1982; Boardman,
1982].
2.1.2 The Attenuated-Total-Reflection (ATR) Method
The most elementary SP is a SP propagating along the ﬂat interface between
a metallic and a dielectric half-space. The plasmon ﬁeld decays exponentially
as an evanescent wave in the direction normal to the interface both into the
metal and into the dielectric (with diﬀerent decay lengths) and, hence, does
not couple to any freely propagating electromagnetic mode (this means that
it cannot be excited by light impinging on the interface).
- - - - - - -+ + + + + +
Fig. 2.1. Electromagnetic ﬁeld pat-
tern associated with charge oscillations
at a metal surface.
In the case of a metal ﬁlm bounded by two dielectrics, there are two plasmon
modes. As long as the ﬁlm is not too thin, each mode can be assigned to one
of the interfaces, where its ﬁeld is concentrated. The situation remains similar
to the former case, each mode being characterized by evanescent waves on
both sides of the respective interface. The ﬁeld of the plasmon localized at one
interface decays across the metal ﬁlm and a small residual ﬁeld extends across
the other interface into the second dielectric. However, provided that this is
the dielectric with the higher index of refraction, the ﬁeld may now become
propagating rather than remaining evanescent.
This is the eﬀect used in the attenuated-total-reﬂection conﬁguration (also
called Kretschmann-Raether conﬁguration after its inventors) for exciting SPs
by light [Raether, 1988]: A metal ﬁlm is bounded by air on one side and by
a glass substrate on the other side (see Fig. 2.2 a). The SP at the metal-air
interface couples weakly to a freely propagating mode in the glass. Hence, the
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Fig. 2.2. Kretschmann-Raether conﬁguration. A thin metal ﬁlm is bounded by
air on one side and by a glass prism on the other side (a). For a given photon
energy, momentum matching with the plasmon at kII is achieved by adjusting the
light incidence angle θ for a prism with refractive index n, indicated by dotted lines
in the dispersion relation in (b). ωP denotes the plasma frequency according to the
Drude model.
SP can now be excited by light incident from the glass side at a speciﬁc angle
θsp (always lying in the range of total internal reﬂection) given as:
θsp = arcsin
(√
ǫ′m
ǫ′m + 1
n−1
)
, (2.3)
with n being the refractive index of the substrate that supports the metal ﬁlm.
For a given photon energy, momentum matching with the plasmon at kII (wave
vector in the surface plane) is achieved by adjusting the light incidence angle θ,
indicated by dotted lines in the dispersion relation in Fig. 2.2 b). At the same
time, the SP now suﬀers from radiative loss and is therefore more strongly
damped. The SP at the metal-glass interface, however, remains decoupled
from any freely propagating light wave.
Figure 2.3 shows how surface plasmon excitation depends on the polar-
isation of the exciting light. For p-polarised incident light the plasmon is
eﬃciently excited as indicated by the missing reﬂected light (dark line in ﬁg.
2.3 a)). Additionally, the total internal reﬂection edge is visible (ﬁg. 2.3 a)).
S polarisation does not lead to excitation of plasmons, hence there is no dark
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a) b)
Fig. 2.3. Polarisation-dependant excitation of surface plasmons: a) reﬂected spot,
p polarisation; b) reﬂected spot, s polarisation. Note the dark line at the angle of
plasmon excitation (1) and the total internal reﬂection edge (2).
line in the reﬂected light spot (ﬁg. 2.3 b)).
2.1.3 Electromagnetic Field Distribution and Energy
Dissipation
The calculation of the electromagnetic ﬁeld distribution of a plasmon increases
the understanding of diﬀerent modes propagating in thin metal ﬁlms. If one
achieves low ﬁeld strengths inside the metal ﬁlm, low loss and thus long propa-
gation lengths are possible [Kretschmann, 1972; Kovacs and Scott, 1977; Sarid,
1981; Craig et al., 1983; Ctyroky et al., 1999]. In the following an approach
to calculating the magnetic ﬁeld distribution of a coupled surface plasmon
mode (including the inﬂuence of the ATR prism coupling) is shown based on
electromagnetic theory in stratiﬁed media [e.g. see Wait, 1996]. An incident
monochromatic plane wave is assumed, and by using appropriate boundary
conditions the electric and magnetic ﬁeld components are calculated. The
Poynting vector ﬁeld
−→
S gives the energy ﬂux associated with the electromag-
netic ﬁeld. The calculation of
−→
S for the condition of a resonance minimum of
the reﬂection curve shows at which interface the SP ﬁeld is excited.
A schematic description of the problem is shown in Figure 2.4. A metallic
layer is surrounded by several dielectric layers with diﬀering optical properties.
Layer 1 can be understood as spacing layer (e.g. compare the Sarid geometry
[Sarid, 1981]) and it may be disregarded by ﬁlling it with the same material
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Fig. 2.4. Sketch for the calculation of electro-
magnetic ﬁelds of plasmons in stratiﬁed media.
Layers 0, 1 and 3 denote variable dielectric ma-
terials.
as layer 0, which is essentially the coupling layer (e.g. a glass prism) resulting
in the Kretschmann geometry. At the boundary between layers 0 and 1 total
internal reﬂection of the incoming wave creates an evanescent ﬁeld which cou-
ples to layer 2 where it is used for plasmon excitation. The individual ﬁeld
components in a multilayer geometry with layers m=1 ... n are characterized
by a reﬂected and a transmitted part at each interface such as
Hmy = [ame
−umz + bme
umz]e−ikIIx, (2.4)
where am and bm are coeﬃcients describing the strength of reﬂected and trans-
mitted parts, and um is given by
u2m − k2II = −εm µm
ω2
c2
, (2.5)
where εm is the permittivity and the permeability µm is assumed to be 1.
Boundary conditions concerning the continuity of Hy and the derivative of Hy
apply as
Hm−1,y = Hm,y and
∂Hm−1,y
∂z
=
∂Hm,y
∂z
. (2.6)
By solving the given system of equations also the electric ﬁeld components are
determined by using
−→∇ ×−→H = −˙→D (2.7)
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which leads to expressions for the x and z components of the electric ﬁeld in
the form
Ex = − 1
iωε0ε
∂Hy
∂z
and Ez = − 1
iωε0ε
∂Hy
∂x
. (2.8)
Since we assume an inﬁnite plane wave, the only variation in the Poynting
vector ﬁeld occurs along the z direction, i.e. perpendicular to the ﬁlm surface
plane. The time-averaged divergence of the Poynting vector ﬁeld given by
〈−→∇ · −→S 〉 = 1
2
ω ε0 ε
′′ |−→E |2, (2.9)
where ε′′ denotes the imaginary part of the dielectric constant, is a direct rep-
resentation of loss in the system as it describes source or sink terms associated
with that vector ﬁeld.
A complete numerical mathematical solution to the geometry discussed above
using MATHEMATICA
®
can be found in appendix A.
Some results for a silver ﬁlm of 60 nm thickness are shown in ﬁgure 2.5.
Electric and magnetic components of the plasmon ﬁeld, which are normalized
to their incident amplitude, are localized on the silver-air interface, Hy and
Ez being enhanced by a factor of about 10 and Ex by a factor of about 2.5.
The only material in the calculation that has a nonvanishing value of ε′′ is the
silver ﬁlm. Therefore, only in this layer losses are expected, which are also
located on the silver-air interface, as seen in ﬁgure 2.5 (d).
The energy of the surface plasmon is subject to dissipation as seen in Fig-
ure 2.5 (d). There are two main damping mechanisms. The ﬁrst one, internal
damping Γint, can be understood by envisioning a time-dependant current
−→
j (t)
associated with the plasmon oscillation that feels the frequency-dependant re-
sistance of the metal. As described by the imaginary part ǫ′′ of the dielectric
constant, plasmon energy is ﬁnally converted to heat through nonradiative
channels. Note that although the Poynting vector can give considerable in-
formation about the nature of the excitation in a metal ﬁlm, it does not give
a complete description. The time-averaged values do not necessarily reﬂect
local current and charge distributions, which are time-dependent. Therefore,
SP waves which are coupled between two interfaces may exhibit quite similar
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Fig. 2.5. Calculation of electric and magnetic components of the plasmon
ﬁeld (normalized to their incident amplitude) and energy dissipation in a 60
nm thick silver ﬁlm (reaching from z=0 nm to z=60 nm, position indicated by
vertical lines). The light incidence angle was chosen to give maximum plasmon
excitation with the optical constants of silver at a wavelength of 632.8 nm
[Schro¨der, 1981].
Poynting vector proﬁles, but the nature of the associated oscillations can be
quite diﬀerent [Kovacs et al., 1977]. The second dissipative channel, radia-
tion damping Γrad, occurs because the wave vector of the evanescent plasmon
ﬁeld matches the wave vector of plane waves in an adjacent dielectric medium
(e.g. the glass prism in the Kretschmann conﬁguration). This back-coupled
radiation can be observed as directional scattering [Simon et al., 1976].
2.1.4 Reflectance Spectra
The angle-dependant reﬂection is also a function of the thickness of the metal
ﬁlm. By solving Maxwell’s equations for stratiﬁed media, as explained in the
previous section, the curves in ﬁgure 2.6 were calculated.
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Fig. 2.6. Angle-dependant reﬂection for diﬀerent silver ﬁlm thicknesses at a
wavelength of 632.8 nm.
For thin ﬁlms of ∼25 nm thickness the reﬂection dip appears broad and
shallow. This behavior is explained by increased radiation damping. At about
55 nm the reﬂectance reaches a minimum depending on the dielectric function
of silver (experimental data varies slightly in the literature, e.g. see [Raether
1988]). For thicker ﬁlms the evanescent ﬁeld of the incident wave couples less
to the surface plasmon ﬁeld. The half width of the reﬂectance dip approaches
a constant value, however, the absolute depth decreases.
2.1.5 Line Width versus Propagation Length
From the line width of angle-dependent reﬂection measurements in the ATR
geometry the lifetime of the plasmon and accordingly its propagation length
can be determined as shown below. Starting with
∆θ =
2 Im(k)
nω
c
cos θ
(2.10)
where θ is the reﬂectance dip position and ∆θ is the line width of the dip
[Bruns and Raether, 1970], and using
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L =
1
2 Im(k)
(2.11)
as an expression for the plasmon propagation length L, one can write
L =
1
∆θ nω
c
cos θ
(2.12)
A thorough investigation of ATR experiments and comparative SNOM inves-
tigations were published recently [Dawson et al., 2001].
2.2 Properties of Fluorescent Dyes
2.2.1 Fluorescent Dye Interna
Laser dyes are organic compounds that may relax radiatively after optical ex-
citation, emitting in the visible or infrared range. Since the development of
the ﬁrst dye laser [Sorokin et al., 1966] many diﬀerent dyes have been investi-
gated with respect to their ﬂuorescent properties. Almost all of them exhibit
basic features, which will be discussed in this chapter. Organic dyes exhibit a
strong absorption in the visible electromagnetic spectrum, which is attributed
to a transition from the electronic ground state S0 to the ﬁrst excited singlet
state S1. The reverse process produces ﬂuorescence light usually by sponta-
neous emission. The transition matrix element of this transition is very high
resulting in a short lifetime of the S1 state in the order of nanoseconds. By
pumping the dye solution optically usually some higher vibronic sublevel of
the S1 state is reached but relaxation to the lowest vibronic level of S1 takes
only a few picoseconds. Such a fast vibronic relaxation also takes place in the
vibronic sublevels of the S0 state, so that a four-level laser system is formed
in which inversion is easily achieved.
For the use in dye lasers only radiative transitions from the S1 level of the dye
are desired. However, there are many lossy processes taking place that compete
with the ﬂuorescence of the dye. Nonradiative processes include relaxation to
the ground state and intersystem crossing to triplet states.
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Fig. 2.7. JabÃlon´ski diagram of a ﬂuorescent dye.
2.2.2 Intersystem Crossing
Relaxation of dye molecules from singlet to triplet states may lead to strong
loss. Triplet states have lifetimes in the order of microseconds or longer, and
may thus become populated over time even if intersystem crossing rates are
small. As a consequence only a fraction of the molecules in the dye solution
contribute to ﬂuorescence from S1 to S0. As a quantum mechanically unlikely
process, because of the involved spin change, intersystem crossing usually is
a weak eﬀect. Its dependance on π electron distribution was pointed out
by Drexhage [Drexhage, 1972] following experimental observations. Increased
spin-orbit coupling enhances the eﬀect.
2.2.3 Absorption of Higher Singlet and Triplet States
Absorption may also occur in excited molecules. These include absorption
of molecules in excited singlet states S1 to Sn and absorption of molecules
in excited triplet states T1 to Tn. Absorption spectra of higher singlet states
are diﬃcult to determine experimentally because of the short lifetime of these
states. Absorption spectra of triplet states are more easily measured, for ex-
ample by high-intensity ﬂashlamp photolysis. Some data for rhodamine 101
are available [Beaumont et al., 1993].
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2.2.4 Photostability
A fundamental prerequisite in order to use organic ﬂuorescent molecules eﬀec-
tively for example as luminophores in ﬂat-screen displays, as sensors, optical
ampliﬁers, and in ﬁber optics, they must be able to withstand repeated ex-
citations and the large amounts of energy that will be cycled through them.
Unfortunately, upon repeated absorption, the dye molecules begin to photo-
oxidize, and they consequently loose the ability to ﬂuoresce [Lakowicz, 1999;
Mackey et al., 2001]. This occurs because of a weak probability that an excited
molecule undergoes a transition to a chemically altered state as a result of a
reaction with e.g. oxygen or water, rather than simply relaxing back to the
ground state of the non-reacted molecule [Scha¨fer et al., 1992].
Designing highly photostable dyes requires understanding of the various
electronic states of excited electrons (Sn states, as well as Tn states), as well
as the lifetimes associated with each of these states. Among other factors, the
photostability of organic dyes depends strongly on the nature of the solvent
used [Magde et al., 1979; Moore et al., 1978; Narasimhan et al., 1988] (this
includes rigid embedding of the molecules in a polymer host, i.e. in a ”solid
solution”). Photodegradation of the dye molecule and subsequent reactions of
the degraded products amongst themselves, or with the solvent molecules, is
a complex phenomenon. For example, xanthene dyes have been reported to
exhibit higher photostability when dissolved in water instead of commonly used
organic solvents such as ethanol or methanol [Moore et al., 1978; Narasimhan
et al., 1988]. Additionally, solvent purity is known to appreciably aﬀect the
process of photodegradation [Drexhage, 1973].
2.2.5 Other Effects in Fluorescent Dyes
Among others, additional lossy eﬀects are charge transfer interactions, radi-
ationless energy transfer, dye molecule aggregation and molecule reactions in
the excited state. Charge transfer is known as quenching process that involves
anions such as e.g. Cl− or I−. Concentration and polarity of solvents play an
important role. The iodide anion in rhodamine 6G, for example, does not in-
ﬂuence ﬂuorescence if solved in ethanol. However, if it is solved in chloroform,
which is nonpolar, the ﬂuorescence becomes strongly quenched [Drexhage et
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al., 1973]. There are also other compounds leading to similar ﬂuorescence
quenching [Pringsheim, 1949; Fo¨rster, 1951; Leonhardt et al., 1962]. Energy
transfer to suitable energy levels of nearby (∼10 nm) molecules may also occur
[Fo¨rster, 1951, 1959; Kellogg, 1970; Birks, 1970]. Substances such as molecular
oxygen [Snavely et al., 1969; Marling et al., 1970], COT (cyclooctatetraene)
[Wehry, 1967; Becker, 1969], and others [Marling, 1970, 1971] have been re-
ported to quench triplet states (see also the work by Thiel for reference [Thiel,
1996]). Aggregation of dye molecules resulting in dimers or multimers can
be observed as a change in the ﬂuorescence spectrum, often appearing as an
additional band at lower energies [Fo¨rster, 1951]. In addition, the ﬂuorescence
is usually considerably weaker than for monomers. A discussion can be found
in a work by Drexhage [Drexhage, 1973]. Another inﬂuence on ﬂuorescence
properties is the chemical interaction of excited molecules with nonexcited ones
[Fo¨rster, 1951; Baranova, 1965].
3 Experimental Methods and
Materials
In this chapter emphasis is placed on experimental techniques for fabrica-
tion and analysis of plasmonic structures. The chapter concludes with infor-
mation on the preparation of silver films, SNOM probes and dye solutions.
3.1 Methods
3.1.1 Scanning Near-field Optical Microscopy (SNOM)
The resolution attainable in conventional optical microscopy is limited because
of diﬀraction. Abbe realized that, due to the ﬁnite size of lenses, only part
of the propagating light waves can be collected [Abbe, 1873]. He proposed a
so-called point-spread-function (PSF) which gives the intensity proﬁle in the
image plane due to a point source in the object plane. Rayleigh pointed out
that objects are resolved when the maximum of one pattern coincides with the
(ﬁrst) minimum of the other, thereby deﬁning the Rayleigh diﬀraction limit
of lateral resolution ∆x [Rayleigh, 1879]. It is determined by the wavelength
λ of the radiation in use and by the numerical aperture (NA) of the imaging
optics :
∆x ≥ 1.22 λ
2 NA
(3.1)
The axial resolution ∆z is also limited [Muchel, 1988]:
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∆z ≥ 2 λ
NA2
(3.2)
Hence, a straightforward method to increase the resolution in conventional
microscopy is to increase the numerical aperture or decrease the wavelength.
However, the practical limit of the numerical aperture is about 1.4, and the
light wavelength cannot always be lowered, since information about the sample
may be accessible only at larger wavelengths. By using a confocal microscope
setup invented by Minsky in 1957, the resolution may be additionally improved
by a factor of about 1.4 [Minsky, 1988].
However, the above said is true only for large distances between the light
source and the imaging system, also called the far-ﬁeld regime. Here the elec-
tromagnetic ﬁeld can be described by propagating wave fronts. Very close to
a surface this is diﬀerent. There exist propagating as well as nonpropagat-
ing ﬁeld components, the latter bound to the surface. These surface-bound
waves contain optical information described by k vectors that are larger than
the k vector of light in vacuo. Therefore they contain optical information
about structures smaller than the Rayleigh limit. One possibility to exploit
the near-ﬁeld for high resolution optical imaging is scanning near-ﬁeld optical
microscopy (SNOM) (there are also other methods to increase optical resolu-
tion, e. g. [Hell et al., 1992; Klar et al. 2001; Dyba et al., 2002]). This method
was ﬁrst proposed by Synge [Synge, 1928]. Its essential points are an aperture
that is smaller than the light wavelength and the fact that this aperture is
brought within a distance d≪ λ to the region of investigation.
This principle was ﬁrst proven for microwaves by Ash and co-workers [Ash et
al., 1972]. The ﬁrst working near-ﬁeld optical microscope for visible light was
used by Pohl et al. in 1984 demonstrating a resolution of λ/20 [Pohl et al.,
1984]. They used metal-coated sharpened optical ﬁbers as a probe. The SNOM
can be used in so-called transmission mode for light collection or illumination,
e.g. by employing an inverted optical microscope. It is also possible to use
it in reﬂection mode, which is usually applied to the study of opaque or solid
samples. Other ways to illuminate the sample, such as shining light under a
total-internal-reﬂection angle on a prism onto which the sample is placed, are
also used. A second SNOM type makes use of Babinet′s principle by employ-
ing a sharp tip for light scattering instead of an aperture for illumination or
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Fig. 3.1. SNOM principle. The diﬀraction limitation of the free space spot size
is overcome by using an aperture smaller than the light wavelength.
light collection. This method was proposed by Wickramasinghe and Williams
[Wickramasinghe and Williams, 1989] and has been demonstrated to provide
optical resolution in the order of 10 nm [Hamann et al., 1998; Hillenbrand et
al., 2000; Labardi et al., 2000].
With the development of scanning probe microscopy (SPM) techniques it
became possible to study the properties of SPs directly at the surface where
they propagate, with a resolution in the nanometer range. The ﬁrst SPM
applied to study SPs was a scanning tunnelling microscope (STM). The detec-
tion mechanism was based on detection of the additional tunnelling currents
induced by SPs [Mo¨ller et al., 1991; Kroo et al., 1991; Baur et al., 1993;
Smolyaninov et al., 1995] or the far-ﬁeld-scattered light caused by local SP
interaction with the STM tip [Specht et al., 1992]. There were also other ap-
proaches, where an atomic force microscope (AFM) was used [de Hollander et
al., 1995; Kim et al., 1996]. Such experiments provide, in a ﬁrst approxima-
tion, information on the SP ﬁeld. However, the metal or silicon tips introduce
signiﬁcant perturbations in the SP ﬁeld due to the ﬁeld enhancement eﬀects
of localized SPs and the lightning-rod eﬀect, which is essentially a geometrical
eﬀect at surfaces of large curvature (e.g. edges) [Zayats, 1999; Rendell et al.,
1981]. These eﬀects prevent to a great extent the direct measurement of the
22 3 Experimental Methods and Materials
local SP ﬁeld [Zayats, 1999], as they depend on the topology, size and mutual
position of tip and surface. SNOM with uncoated optical ﬁbre tips, which
is often also referred to as photon scanning tunnelling microscopy (PSTM)
[Reddick et al., 1989; Courjon et al., 1989; de Fornel et al., 1989], provides the
possibility to probe the surface polariton ﬁeld directly above a surface [Pohl
et al., 1993].
3.1.2 Focussed Ion Beam (FIB) Structuring
Focussed-ion-beam (FIB) structuring can be considered a standard in current
semiconductor industry. Applications such as defect analysis, circuit modiﬁca-
tion, mask repair and transmission-electron-microscope sample preparation of
speciﬁc locations on integrated circuits have become commonplace procedures.
Focussed-ion-beam systems use a ﬁnely focused beam of usually gallium ions
which can be operated at low beam currents for imaging or high beam currents
for site speciﬁc sputtering, milling, and implantation.
Ga+
n
i+
e-
e-
n
i+
e-
e-
Fig. 3.2. Focussed-ion-beam principle. Positively charged gallium ions hit the
sample surface thereby sputtering secondary ions i+, neutral atoms n, and secondary
electrons e−.
As shown in Fig. 3.2, the gallium primary ions hit the sample surface
and sputter a small amount of material, which leaves the surface as either
secondary ions or neutral atoms. The primary beam also produces secondary
electrons. As revealed by Monte Carlo simulations, the main part of the ion
kinetic energy is transferred through incremental collisions with target atoms
and is eventually transformed into heat [Lee et al., 1998]. However, a small
fraction of the ions will successfully transfer enough momentum to target atoms
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to dislodge them from their lattice positions. Such an atom may then transfer
momentum to one or more neighbouring lattice atoms. This continuous ex-
change of energy among lattice atoms, known as the cascade eﬀect, eventually
leads to the ejection of atoms from the target surface.
It was discovered that within a crystalline lattice momentum is most ef-
ﬁciently transferred along close-packed atomic directions. For face-centered
cubic (fcc) materials, which is the case for silver, the atoms are preferentially
ejected from surface grains along a trajectory parallel to the [110] direction
[Wehner, 1955]. An accurate model for the direction-dependant sputter yield
S(hkl) of single-crystal copper and silver suggests that [Magnusen et al., 1963]
S(hkl) = K(hkl)
√
EPc(hkl) (3.3)
where K(hkl) accounts for system factors, and the remaining term addresses
the probability of successful collisions of ions with target atoms as dependent
on crystal orientation. Magnusen at al. also showed that the sputter yield of
fcc crystals varies with orientation such that S(111) > S(001) > S(011).
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Fig. 3.3. Typical FIB beam proﬁle exhibiting a Gaussian beam center, which is
mainly responsible for sputtering, and beam wings containing approximately up to
three orders of magnitude fewer ions. [reproduced from Teichert et al., 1998] For
the actual structuring the spot size was slightly smaller (30 nm).
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As the primary beam raster scans across the sample surface, the signal
from the sputtered ions or secondary electrons is collected to form an image.
This allows one to observe the modiﬁcation in-situ. At low beam currents,
very little material is sputtered; at higher currents, a great amount of material
can be removed by sputtering, allowing precision milling of the sample down
to a sub-micron scale. A typical beam proﬁle of the ion beam used in this
work is shown in Fig. 3.3.
In this work straight grooves in thin silver ﬁlms were produced by focussed-
ion-beam structuring using the improved IMSA system [Bischoﬀ et al., 1994,
1998] equipped with the high-resolution ion-optical column CANION 31Mplus
(Orsay Physics). The beam energy is 30 keV, Ga+ ions from a liquid-metal
source are used for structuring. The spot size of the ion beam on the sample
surface is approximately 40-50 nm at a beam current of ∼ 20 pA.
Fig. 3.4. SEM images of sputtered grooves in silver ﬁlms of 60 nm thickness on a
glass substrate. The spot size of the FIB was determined to be about 30 nm. The
width of the grooves was adjusted with the digital pattern generator by varying the
number of parallel line scans: a) 310 nm, b) 400 nm, c) 470 nm. The increment was
adjusted to 15 nm, i.e. the overlapping of one pixel with the next one was 50 %. The
calculated sputtering yield of silver amounts to 11.5 atoms/ion (calculated using the
SRIM2003 software package) corresponding to a milling rate of 1.2 µm3/nC. The
dependance on the ion dose is shown in the lower row of images: d) 2× 1016cm−2,
e) 5× 1016cm−2, f) 1× 1017cm−2.
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Fig. 3.5. Tridyn simulations of the ion irradiation of a 25 keV Ga FIB onto the
silver ﬁlm. a) shows the starting conﬁguration of the calculation, b) depicts the
actual composition of the sample close to the surface after an ion dose of 1017 cm−1.
The bottom of the groove consists of a 20 nm top layer containing a fraction of
recoil-implanted Ag as well as Ga atoms from the beam.
Within the grooves the silver was removed completely down to the bare
glass substrate. This was checked by writing circles and subsequent imaging of
the structure by ion-generated secondary electrons. When the image contrast
of the inside of the circle turns black the conductive bridge has been lost and
therefore the ion dose and exposition time was high enough to remove all the
metal but not the glass substrate.
Figure 3.4 shows examples of sputtered grooves. The thermal evapora-
tion leads to polycrystalline ﬁlms with grain sizes in the order of 20-50 nm.
The random orientation of these grains gives rise to diﬀerent sputtering yields
[Wehner, 1955; Magnuson et al., 1963; Onderdelinden, 1968], i.e. straight ge-
ometric features such as the groove edge are expected to exhibit slight rough-
ness. Additionally, small etch hillocks are sometimes present close to the groove
edge. They are due to low ion doses in the beam wings that induce crystal
growth. However, for the investigation of plasmon propagation the grooves
can be considered fairly smooth, as shown in section 4.4.
In order to understand the sputtering and implantation processes involved
simulations using the Tridyn method were performed [Mo¨ller et al., 1984, 1988].
Figure 3.5 shows results of these simulations. The ion irradiation process of a
25 keV Ga FIB onto the silver ﬁlm with an ion dose of 1017 cm−2 was modelled.
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As shown, the bottom of the groove consists of a 20 nm top layer containing a
fraction of recoil-implanted Ag as well as Ga atoms from the beam. All samples
produced were examined additionally by high-resolution imaging with a SEM
for groove width determination.
3.2 Materials
3.2.1 Silver Film Preparation
Evaporation of metals onto diﬀerent surfaces usually does not result in atomi-
cally ﬂat layers. They more commonly tend to form islands, depending on the
speciﬁc metal and substrate. In general, crystallographic orientation, surface
reconstruction, surface termination, and deposition conditions have all been
found to be important parameters for Ag ﬁlm growth on crystalline materials.
For amorphous substrates such as glass, silver is a material akin to strong is-
land growth and therefore for thicker layers forms rather rough surfaces. This
is especially the case for lower evaporation speeds because the atoms have
enough time to arrange themselves on the surface [Krakow et al., 1994]. For
ﬁlm thicknesses below ∼10 nm a partially covered surface exists. Heating of
the thin ﬁlm leads to coagulation of smaller islands into bigger ones. The re-
laxation time τ to reach the equilibrium shape by surface diﬀusion for a cube
of size 2r is [Kern, 1987]:
τ = (2kTsr
4)/(v4/3Dsσ), (3.4)
where k is the Boltzmann constant, v the atomic volume, Ts the temperature,
σ the surface energy and Ds the diﬀusion coeﬃcient. An estimate for silver
is given as τ = 3.6 s at 300 K and 2r = 1 nm. This can be compared to a
relaxation time of τ = 36000 s at the same temperature but for 2r = 10 nm
[Wenzel et al., 1999]. Thus large islands can be avoided if additional atoms
cover the surface faster than the speciﬁc relaxation time. High evaporation
speeds are therefore desirable, as they are expected to lead to smoother ﬁlm
surfaces.
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Table 3.1.
Inﬂuence of evaporation speed on surface roughness.
Nr. evaporation speed [nm/s] rms roughness [nm]
1 15 0.6
2 1.5 0.7
3 0.2 0.9
In order to prove this assumption, glass substrates were cleaned in Piranha
solution (70:30 volume parts mixture of concentrated H2SO4 and H2O2) and
ethanol. Clean substrates are of importance since surface defects or adher-
ent particles may lead to unwanted scattering of surface plasmons [Pincemin
et al., 1994]. Silver with a purity of 99.99% was purchased from Goodfel-
low Ltd. [Goodfellow Cambridge Limited, Huntington PE29 6WR, England,
http://www.goodfellow.com]. Silver ﬁlms were prepared by thermal evapora-
tion from an annealed tungsten evaporation boat in a high-vacuum chamber
(Balzers BAE 080). Diﬀerent evaporation rates were chosen to investigate
their inﬂuence on ﬁlm surface roughness. The values in table 3.1 are obtained
by analysing atomic force microscope images of the sample surfaces. For the
highest controllable evaporation speed of 15 nm/s the lowest surface roughness
of 0.6 nm rms was achieved.
Fig. 3.6. SEM image of a thermally
evaporated silver ﬁlm showing its poly-
crystalline nature (evaporation rate ∼
10 nm/s).
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In all subsequent experiments silver ﬁlms were prepared by thermal evapo-
ration in high vacuum (p < 10−6 mbar) at high evaporation rates (∼ 10 nm/s),
so their roughness is expected to be about 0.7 nm rms. As seen in SEM im-
ages (Figure 3.6) the thermal evaporation of silver leads to polycrystalline ﬁlms
mainly with grain sizes in the order of 20-50 nm.
3.2.2 SNOM Fibre Probe Preparation
Fabrication of SNOM tips is usually done either by etching or pulling of optical
ﬁbres. Both methods allow for subsequent deposition of metal, such that only
a small opening at the apex is left over that deﬁnes an aperture [Paesler and
Moyer, 1996]. Aluminum or aluminum/chromium layers are often used for
metal coating because of small penetration depths of the electromagnetic ﬁeld
in the visible range (∼ 7 nm for Al) and smooth layers that prevent light
leakage [Betzig et al., 1991].
For pulling the ﬁbre is punctually heated and pulled apart until it breaks
[Yakobson et al., 1993; Valaskovic et al., 1995; Williamson et al., 1996; Xiao
et al., 1997]. Heating temperature, pulling force, temporal force gradient and
ﬁbre alignment are critical parameters in order to achieve good results. Usually
tips produced with this method have small opening angles. Because of that
and also because of possible stress remaining in the pulled ﬁbre those ﬁbres
have a typical throughput of about 10−6 for an aperture diameter of about
100 nm, which is quite small. Also the ﬁbre core diameter is reduced within
the tapered region. Light propagating in a coated ﬁbre can only be supported
until the diameter d is
d = j
nλ
2
, (3.5)
with j being the mode of propagation (j = 1, 2, ...). In the ﬁnal part of the
tip, where d is smaller, the intensity decreases exponentially [Novotny et al.,
1994]. The length of this last part of the ﬁbre tip is also called ”cut-oﬀ length”
[Yakobson et al., 1995].
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Fig. 3.7. Tube etching principle.
For etching the ﬁbre, usually a method called ”tube etching” is used [Sto¨ckle
et al., 1999], although there are other approaches as well [Hoﬀmann et al., 1995;
Mononobe et al., 1996]. This is a method by which the ﬁbre is etched inside its
polymeric protection coating. The etching agent is hydrogen ﬂuoride, which is
covered by a lighter ﬂuid such as paraﬃn, mineral oil, or octane. This is impor-
tant if the hydrogen ﬂuoride is heated for faster processing and control of the
tip opening angle. Without a coating ﬂuid layer the hydrogen ﬂuoride would
evaporate too fast. After etching the polymer protection coating is removed
by etching in hot sulfuric acid in an ultrasonic bath in order to uncover the
tip. Figure 3.8 shows various ﬁbres of the same type (3M, FS-SN-3224, single
mode at 632.8 nm, approx. 5 µm core diameter, 125 µm cladding diameter).
Fig. 3.8. Diﬀerences in preparing techniques for ﬁbre probes: a) pulled ﬁbre; b)
etched ﬁbre, 135 min in HF at 20◦C; c) etched ﬁbre, 60 min in HF at 50◦C.
Here the advantage of etched ﬁbres over pulled ones is obvious. The geomet-
rical form is diﬀerent, opening angles are usually much wider which allows for
higher throughput (about 10−4 to 10−3 for 100 nm aperture). This is due to a
smaller cut-oﬀ length. However, at elevated etching temperatures surfaces can
get rough leading to light leakage. Additionally those ﬁbres have good polar-
isation behaviour, exhibiting no favoured direction for linearly polarised light
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and being able of delivering light at their aperture with polarisation contrasts
of about 1:50 to 1:100. Also the damage threshold of the aperture due to high
light intensities can be raised considerably if etched ﬁbres are used [Sta¨helin
et al., 1996]. This can be important, because temperature eﬀects usually can’t
be neglected [La Rosa et al., 1995; Karaldjiev et al., 1995; Boykin et al., 1996].
In experiments for which metal-coated ﬁbre probes are needed, the probe is
coated by rotating it under a certain angle in an aluminium evaporation stage
(Figure 3.9). The ﬁber is coated from the side by rotating it around its axis.
The aperture will not be coated due to the oblique evaporation. The size of
the aperture is dependant upon the angle under which the ﬁber is held.
Fig. 3.9. Oblique evaporation. The ﬁber is
rotated at a rate of∼ 60 min−1. A small aperture
at the tip apex is formed.
The opaque aluminium coating was prepared with a thickness of about
100 nm and checked optically for pin-holes in the coating that would lead to
unwanted light leakage. Suitable tips were also imaged in an SEM to determine
the aperture size (see Figure 3.10).
250nm
Fig. 3.10. SEM image of an etched,
Al-coated ﬁbre tip with a small aperture
of approximately 60 nm at the tip apex
(arrow).
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3.2.3 Preparation of the dye solutions
Rhodamine 101 (8-(2-carboxyphenyl)-2,3,5,6,11,12,14,15-octahydro-1H,4H,
10H,13Hdiqui-nolizino[ 9,9a,1-bc:9’,9a’,1-hi]xanthylium perchlorate) and cre-
syl violet (5,9-diaminobenzo [a]phenoxazonium perchlorate) were purchased
from Radiant Dyes [Radiant Dyes Laser & Accessories GmbH, Friedrichstrasse
58, D-42929 Wermelskirchen, http://www.radiant-dyes.com].
Fig. 3.11. Structure formulas of cresyl violet (a) and rhodamine 101 (b).
Solution of both rhodamine 101 and cresyl violet in ethanol (p.a.) were
prepared. The solutions were gently heated to about 50◦C and stirred for one
hour in order to completely dissolve the dyes in ethanol.
4 Surface Plasmon Interaction
with Single Grooves in Thin
Silver Films
This chapter describes near-field optical measurements that investigate the
interaction of surface plasmons with single grooves in thin silver films. Elastic
scattering at groove edges, transmission across grooves, coupling to free-space
electromagnetic waves and groove-mediated mode coupling are presented and
discussed in detail.
4.1 Basic Concept
Surface plasmons (SPs) at optical frequencies propagate some tens of microm-
eters in thin silver ﬁlms [Kroo et al., 1991; Dawson et al., 1994; Hecht et
al., 1996]. This is suﬃcient to manipulate them on that length scale using
structured surfaces [Bozhevolnyi et al., 1997]. Passive functionalities such as
deﬂection, focusing, guiding and ﬁltering and even nonlinear interactions of
SPs are possible. SP elements may exhibit resonance features and ﬁeld en-
hancement at the ﬁlm surface, thereby oﬀering the chance to design certain
surface properties [Pendry et al., 2004]. On the other hand, a potential disad-
vantage is the restricted propagation length, which requires close integration
of structures and perhaps an inclusion of SP ampliﬁcation elements.
Today, little is known about the eﬀect of conﬁned structures on SP prop-
agation. The understanding of the propagation and localization of surface
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plasmons and their interaction with materials and structures is still one of the
big challenges in advanced optics, and fundamental knowledge is still needed.
It is therefore necessary to systematically investigate structures that can be
readily implemented in a thin metal ﬁlm or substrate. One possible step in
this direction would be to quantitatively and locally determine SP reﬂectivity
and transmissivity. As suitable elementary structures, single grooves in a thin
metal ﬁlm are investigated here. They can be prepared, for example, by means
of a focused ion beam (FIB).
Single surface grooves were formerly investigated by Bouhelier et al., who
used an aperture near-ﬁeld probe for excitation and an immersion microscope
for detection [Bouhelier et al., 1999]. In contrast, our experimental setup is
based on the attenuated-total-reﬂection scheme, in which plasmons are ex-
cited only along one direction on the sample surface, whereas Bouhelier et al.
excited plasmons in many directions by illumination through an optical ﬁber
aperture. Thus, our setup provides a more direct access to certain properties
of surface plasmons. In the following, near-ﬁeld optical methods are employed
in order to directly reveal properties of such travelling surface waves, such as
the optical transmission across deﬁned barriers or the coupling to free-space
electromagnetic waves.
4.2 Setup
The near-ﬁeld experiments reported in this work were performed with a home-
built SNOM system [Schmidt, 1997; Trogisch, 1997]. Our experimental setup
is based on the attenuated-total-reﬂection (ATR) method (see Fig. 4.1). Plas-
mon excitation is achieved by focusing light from a HeNe laser (632.8 nm)
onto a thin metal ﬁlm on a rhombic glass prism under total internal reﬂection.
The laser light can be adjusted in intensity by a neutral ﬁlter and also in its
polarization by a ﬁbre polarisation controller (ﬁbre paddle) being coupled to a
single-mode glass ﬁbre (3M, FS-SN-3224, single mode at 632.8 nm, approx. 5
µm core diameter, 125 µm cladding diameter). The illumination optic consists
of a microscope objective for collimation, which is matched with its numerical
aperture to the ﬁber, and an achromatic focussing lens with a focal length of
40 mm. The focus on the sample surface measures approximately 7× 10 µm2
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(FWHM) for an incidence angle of 42◦ with respect to the surface normal. The
polarization is adjusted to be parallel to the plane of incidence (p polarization),
as the plasmon is a primarily longitudinal oscillation with both k vector and
electric ﬁeld vector (polarization) pointing mainly in the same direction in the
surface plane. Successful plasmon excitation manifests itself as a decrease of
the reﬂected intensity in a narrow angular range, which can be observed on
a screen as a dark line across the spot of the reﬂected light (see Fig. 2.3).
The near-ﬁeld probe acts as a local scattering center for the plasmon, thereby
converting the plasmon ﬁeld to a propagating electromagnetic wave travelling
down the optical ﬁbre to the detector. Only bare dielectric ﬁbers without any
metal coating were used for imaging in order to prevent plasmon ﬁeld coupling
to the metal coating of the ﬁbre.
Fig. 4.1.
Experimental setup.
The probe-sample distance is controlled with a feedback mechanism based
on a sensitive shear-force detection using a quartz tuning fork to which the
ﬁber tip is glued [Karrai and Grober, 1995]. A shaker piezo excites the tuning
fork at its eigenfrequency and the voltage developed between its electrodes is
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measured with a lock-in ampliﬁer. The demodulated signal directly reﬂects
the tip vibration amplitude which is kept below 2 nm. Upon tip-sample ap-
proach the free vibration amplitude is slightly reduced due to viscous damping
forces [Schmidt et al., 2000]. Using a digital feedback loop for accurate dis-
tance control the scanning near-ﬁeld optical microscope (SNOM) is operated
with an amplitude damping as small as 0.5 to 1.0 % below the free oscillation
amplitude. Such small damping (corresponding to low interaction forces in the
order of ∼ 100 pN [Schmidt et al., 2000]) is necessary to avoid destructive tip-
sample interaction. From Fig. 4.2 it is evident that these values correspond to
a probe sample distance of about 20 nm. However, this value depends to some
extent on the speciﬁc ambient conditions such as temperature and humidity
[Brunner et al., 1999; Wei et al., 2000; Schu¨ttler et al., 2001], which might be
diﬀerent for measurements performed on diﬀerent days. From experience, the
above value can be considered a reasonable average.
Fig. 4.2. SNOM feedback approach curve. At point A the probe tip snaps to
the water ﬁlm on the sample surface, which is present under ambient conditions.
Further approach leads to a strong damping (point B). The snap out of the ﬁber tip
is seen in point C when the tip is being retracted.
The SNOM is mounted onto the sample stage of an inverted optical mi-
croscope (Zeiss Axiovert 135) which can be used for visual inspection during
adjustment of the exciting laser beam. Plasmon propagation is examined with
a setup in which both the sample and the illumination optics used for plasmon
excitation are kept in a ﬁxed position during the measurement while the SNOM
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tip is three-dimensionally scanned with the help of a x− y table (PI systems)
and a homebuild z stage connected to the z feedback loop mentioned above.
The light signal picked up by the ﬁbre tip is detected with a photodiode.
Images (except for the tip-retraction scans in 4.3) are acquired by scan-
ning the ﬁbre tip with a constant gap with respect to the substrate (constant
gap mode). Bozhevolnyi et al. explored the possibility of artefacts introduced
by this method when imaging surface plasmon ﬁelds. They found that the
contrast observed in near-ﬁeld images was purely optical, i.e., not induced
by topographical variations [Bozhevolnyi, 1997], a fact that can be explained
by rather strong and rapid variations of the near-ﬁeld intensity in the surface
plane. There are also other reasons why this method is preferable, i.e. it allows
for the best spatial resolution, which would decrease with an increase of the
tip-surface distance. It also helps to keep the optically imaged area connected
to the surface topography (optical and topographical information are acquired
simultaneously) when successive images of the same area are taken. Thereby,
it accounts for possible drift of the sample with respect to the ﬁbre tip.
4.3 Near-field Imaging of Surface Plasmons
The electromagnetic ﬁeld connected with the electron charge oscillations of the
plasmon have a mixed transversal and longitudinal nature. The ﬁeld has its
maximum in the surface plane at z = 0, whereas for z → ∞ the ﬁeld disap-
pears, which is typical for surface waves. It can be written (kz is imaginary)
E = E±0 e
i(kxx±kzz−ωt). (4.1)
Intrinsic absorption leads also to an exponential decay of the plasmon in the x
direction. This becomes evident in near-ﬁeld optical images. Figure 4.3 shows
the measured near-ﬁeld intensity distribution close to the surface for a plasmon
excited at 632.8 nm in a 60 nm thick silver ﬁlm.
The elliptic excitation spot, which is due to the oblique light incidence, is
located on the left side of the image. Taking this as the starting point, an
exponential decay of the detected light intensity to the right side is visible,
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Fig. 4.3. Near-ﬁeld image of an exponentially decaying plasmon on a 60 nm thick
silver ﬁlm at 632.8 nm excitation wavelength. In the cross section on the right side
the decaying part has been ﬁtted. The decay constant (1/e) is 25.6 m.
thus showing the decaying nature of the plasmon ﬁeld. From cross sections of
this image a decay length (1/e) of 25.4 µm can be deduced. This is consistent
with theoretical considerations yielding the propagation length L as [Raether,
1988]
L =
c
ω
(
ǫ′m + ǫd
ǫ′mǫd
)2/3
(ǫ′m)
2
ǫ′′m
, (4.2)
where ǫm and ǫm are the dielectric constants of the metal and the dielectric (air)
respectively. For solid metal ﬁlms silver has the longest propagation length,
and hence the smallest losses, for plasmons excited with visible light. The
introduced energy is deposited as heat in the ﬁlm. This heat can be measured
by a photoacoustic method [Inagaki et al., 1981].
4.3.1 Imaging Characteristics of Coated and Uncoated
Fibre Probes
The key point in understanding near-ﬁeld optical imaging is the inﬂuence of
the probe on the optical signal being measured. Early treatments of this prob-
lem were approaches based on transfer functions [Carminati and Greﬀet, 1995;
Vohnsen et al., 1999], but possible multiple scattering events [Courjon, 1994]
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and also diﬀerent illumination and detection methods lead to the conclusion
that it is rather diﬃcult to ﬁnd a general solution to this problem. Neverthe-
less, the thorough understanding of the imaging characteristics of ﬁbre probes
and also scan modes are crucial for the interpretation of near-ﬁeld optical im-
ages [Betzig et al., 1992 and 1993; Hecht et al., 1997; Kalkbrenner et al., 2000].
Bozhevolnyi studied the inﬂuence of the probe on localized plasmons (parti-
cle plasmons) and suggested that the probe-sample coupling is determined by
the polarisability of the probe (i.e. probe material) [Bozhevolnyi, 1997, 1999].
Experiments by Devaux et al. showed the possibility of diﬀerentiating electric
and magnetic ﬁeld components in the near-ﬁeld by using diﬀerent metal coat-
ings on the probe [Devaux et al., 2000].
Fig. 4.4. Imaging characteristics of coated and uncoated ﬁbre probes: a) in-
tensity distribution in the surface plane; b) intensity distribution perpendicular to
the surface plane for an uncoated purely dielectric ﬁbre; c) intensity distribution
perpendicular to the surface plane for an Al-coated ﬁbre
In this work a ﬁrst approach uses tip retraction scans (x− z scans). This
method is employed in order to characterize diﬀerent plasmon probes and to
verify the plasmon decay in the vertical direction (z axis). While the probe
tip is moved along a line in the surface plane (green line in Fig. 4.4 a) ) it
is retracted for each discrete point on the line. For this the feedback loop is
halted at each such point and a voltage ramp is added to the electrodes of the
z piezo stage which accounts for lifting the probe. After this procedure the
feedback loop is reengaged and the probe is moved to the next point. Results
are shown in Fig. 4.4 b) and c). While uncoated dielectric ﬁbre tips show the
expected exponential decay of the plasmon ﬁeld in the z direction (Fig. 4.4 b)
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), aluminium-coated ﬁbres show a rather strong disturbance of the travelling
plasmon when the probe tip is close to the surface (detected intensity drop in
Fig. 4.4 c) ).
This clearly shows that using metal-coated ﬁbre tips causes problems in
studies of metal surfaces. The tip-surface interaction can signiﬁcantly modify
local electromagnetic ﬁelds. The use of metal-coated ﬁbres in close proximity
to a metal surface results in a strong perturbation. In this case, the detected
signal is related to both the tip and surface, rather than to the SP ﬁeld above
the surface. Moreover, reﬂection of SP from the tip, in addition to surface
defects, creates another type of artefact depending on the relative position of
the SNOM tip with respect to surface features.
a) b)
Fig. 4.5. Tip-induced broadening of the reﬂectance dip in the reﬂected light spot
(only a part is shown, compare Fig. 2.3). In a) no SNOM probe is present while in
b) an aluminium-coated tip dips into the propagating plasmon ﬁeld on the surface.
Additionally the plasmon is strongly scattered, seen as a bright band (see also Fig.
4.6).
In a second experiment the change of the angular-dependent reﬂection of
the exciting light is observed while a metal coated-ﬁbre probe maps the ﬁeld
of the propagating surface plasmon. In this method photographic images of
the reﬂected ATR light spot projected onto a screen were taken (see Fig. 4.1).
In Fig. 4.5 b) a broadening of the SP reﬂection line is observed for the
case that an aluminium-coated tip dips into the propagating plasmon ﬁeld on
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Fig. 4.6. Horizontal cross sections (taken in the middle of the image) of Fig. 4.5
a) (black line) and Fig. 4.5 b) (red line). The reﬂectance curves appear oblique in
the cross sections because of the Gaussian beam proﬁle of the exciting laser beam.
The dip in the red curve appears broadened and is superimposed by a light signal
stemming from tip-enhanced scattering.
the surface. In this case the metal-coated tip mediates coupling of otherwise
not matching k values of the incident light to the plasmon. Additionally the
plasmon is strongly scattered when a metal coated-tip is close by, which is seen
as a bright band in Fig. 4.5 b).
In contrast, uncoated ﬁbre tips introduce much smaller perturbations in the
measured electromagnetic ﬁeld. They have a relatively low refractive index and
the signal detected with such a probe will be closely proportional to the near-
ﬁeld intensity [van Labeke et al., 1993; Carminati et al., 1995; Bozhevolnyi,
2002]. Perturbation will increase with an increase in the tip dielectric constant.
It has generally been assumed that light leakage from bare ﬁbers, which
should occur in the far-ﬁeld when the ﬁber diameter approaches the mode-ﬁeld
diameter, would lead to a spatial resolution of ∼ λ/3. However, this ignores
the electromagnetic ﬁeld coupling that occurs when a bare ﬁbre tip is used to
collect light close to a surface [Greﬀet et al., 1997]. The resolution of the SP
mapping obtained with an uncoated ﬁbre tip is related to the gradient of the
SP evanescent ﬁeld above a metal surface. The lateral resolution of SNOM
mapping of the SP ﬁeld with uncoated ﬁbre tips routinely reaches about 100
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nm at a detecting light wavelength of 632.8 nm [Bozhevolnyi et al., 1997].
This is signiﬁcantly better than the resolution obtained with the same kind of
ﬁbre tips in reﬂection or transmission measurements where propagating ﬁeld
components are dominant, and hence no probe-sample coupling occurs.
Another aspect comes into play when the opening angle of the probe tip
and the eﬃciency of the evanescent-ﬁeld detection related to this parameter
are considered. An increased detected signal caused by an increase of the tip
opening angle can be observed. This has been shown to depend on the angle
to the fourth power [van Labeke et al., 1993]. Discrimination of propagating
light above a surface, that might be scattered from SP out of the surface plane,
against the evanescent ﬁeld of the excited and in-plane scattered SPs, is also
more eﬃcient with probe tips with wider opening angles. The propagating ﬁeld
in the dielectric contains components parallel to the surface plane, and the de-
tected signal related to these components increases with the cone angle as the
square of the tip opening angle (for small opening angles) [van Labeke et al.,
1993]. In conclusion, the relative contribution of the perpendicular ﬁeld com-
ponents in the detected signal increases with the cone angle of tip, implying an
increase in the relative eﬃciency of the SP-related signal collection compared
to scattered light with an increase of the tip opening angle. As shown later,
the ﬁber tips used in this work have the property to detect mainly the in-plane
components (with respect to the surface) of the electric ﬁeld.
4.3.2 Plasmon Scattering at Surface Grooves
Scattering and interference of surface plasmons at surface defects has been in-
vestigated theoretically [Pincemin et al., 1994; Novotny et al., 1997; Bozhevol-
nyi et al., 1998; Sa´nchez-Gil et al., 1999; Jamid et al., 1995, 1997] as well as
experimentally [Hecht et al., 1996; Smolyaninov et al., 1996, 1997; Bozhevol-
nyi et al., 1998]. Local SP excitation has also been demonstrated by using a
metal-coated tapered ﬁber probe as a radiation source in the work by Hecht,
and by changing coupling conditions in the Kretschmann-Raether conﬁgura-
tion by means of individual surface defects created by a probe-based direct
writing technique by Smolyaninov. In the latter work, elastic SP scattering in
the surface plane by an artiﬁcial surface defect was also attempted but with
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poor results. More pronounced elastic scattering of SPs has been observed
with structures produced by means of electron-beam lithography [Krenn et
al., 1997].
From a theoretical point of view an eﬃcient elastic scatterer should be rela-
tively large in size and it should possess smooth boundaries. These properties
give rise to a large scattering cross section while preserving an adiabatic pertur-
bation. Other approaches based on ﬁlm material modiﬁcation [Smolyaninov
et al., 1996, 1997] are probably less promising, as the inﬂuence of material
properties on SP propagation is known to be quite strong [Agranovich, 1982].
Recently, a technique that relies on local deformation of a metal ﬁlm surface
employing an uncoated ﬁber tip has been demonstrated for fabricating elas-
tic micro-scatterers. Several micro-optical components, e.g. micromirrors and
microcavities for SPs were shown [Bozhevolnyi et al., 1997].
In the following plasmon scattering by single groove structures is investi-
gated.
kII
kII
kII
ksc
kint
a) b) c)
Fig. 4.7. A groove of 500 nm in width shows reﬂection (interference pattern)
and transmission of the surface plasmon (a). The Fourier spectrum clearly shows
directional scattering (back reﬂection) (b). Interference of incident and scattered
plasmons creates a standing wave pattern characterised by kint (c).
Fig. 4.7 a) shows a scanning near-ﬁeld optical image of a surface plasmon
incident upon a 500 nm wide groove in a silver ﬁlm of 60 nm thickness. The
propagation direction of the plasmon is indicated by its wave vector kII. Clearly
visible are intensity fringes in the lower part of the picture which are due
to interference of the incident and the reﬂected surface plasmon. Some of
the fringes are not parallel to the groove and can be attributed to elastic
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scattering of plasmons at small protrusions at the groove edge resulting in
two-dimensional scattering.
This becomes more evident from inspection of the Fourier spectrum of
4.7a, presented in ﬁg. 4.7b. Elastic scattering in diﬀerent directions within
the surface plane creates two circle-like structures, as schematically depicted
in ﬁg. 4.7c. The fringes in the original image are due to an interference term in
the resulting intensity distribution stemming from the superposition of incident
and scattered waves with wave vectors kII and ksp, respectively:
I ∝ cos(kII − ksp)r (4.3)
Nevertheless, backscattering is more prominent than scattering in other direc-
tions, as indicated by a stronger contrast of the opposing ends of the circles
in the Fourier spectrum. Hence the groove edge can be considered to be fairly
smooth. Note that the Fourier transformation of the near-ﬁeld images is a
simple and powerful tool for studying such eﬀects.
4.3.3 Plasmon Transmission Dependance on Groove Width
Samples with diﬀerent groove widths were inspected for their transmission be-
havior. Cross sections of near-ﬁeld images were used to extract transmission
data after subtraction of the background signal of the detector (photodiode).
The obtained values are shown in ﬁg. 4.8. The underlaid graph was taken
from a theoretical calculation by Maradudin et al. [Maradudin et al., 1983],
in which the system was treated as a waveguide structure sandwiched between
two metal boundaries, and the ﬁelds were represented in terms of waveguide
modes. In that article discrete values for certain groove widths were calculated
(black dots in ﬁg. 4.8) and ﬁtted by a continuous line. The general decrease
of the plasmon transmission is indicated by a broken line in the same ﬁgure.
Our original data have been superimposed as large solid circles.
The measured transmittance values are highest for small groove widths, as
expected. For larger widths the transmittance decreases in general, however,
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Fig. 4.8. Surface plasmon transmittance as a function of groove width. Experi-
mental data are superimposed (large solid circles) on theoretical data produced by
Maradudin et al. (black points with black ﬁt curves; with kind permission of the
author, [Maradudin et al., 1983]).
there are two pronounced local minima, one at about 370 nm and the second at
about 690 nm. This non-monotonic dependence on groove width agrees with
the theoretical predictions of Maradudin. An increase of the transmittance for
increasing widths close to the mentioned minima, however, is not veriﬁed by
the measurement.
One possible explanation was given by Maradudin. He suggests that the
complex transmission behavior is due to the existence of certain favorable
groove widths supporting electromagnetic modes in the gap region [Maradudin
et al., 1983]. The measured values support that interpretation. One may
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assume that these resonances occur near integer multiples of one half of the
light wavelength, which is 316 nm in our case. Additionally, if it is assumed
that the skin depth δ of electromagnetic radiation at 632.8 nm wavelength,
which is given by
δ = c/(2ω
√
ǫ), (4.4)
that is for silver ∼ 13 nm, increases the eﬀective width by two times that value
[Mart´ın-Moreno et al., 2004], the calculation yields 342 nm for the eﬀective
width. This almost represents the value of the experiment (within an errror
of ∼10%). The gallium ions implanted by FIB sputtering would also give rise
to a larger eﬀective skin depth, because for worse conductors than silver this
value is expected to increase.
A pivotal and determining factor, however, always remains, which is the
accuracy of the investigated geometry. A broad range of wavevector values is
expected to originate from the sharp groove edges assumed in the theoretical
considerations. However this is not really true in the measurement, since the
FIB structuring always leaves slightly rounded groove edges because of the
beam proﬁle. An imposed edge corrugation may, in addition, signiﬁcantly
alter the transmission across the groove as well. It is very well known that
an incident plane wave will be reﬂected into diﬀracted orders by a periodically
corrugated surface. A grating can also provide the momentum required for the
incident radiation to be scattered into surface plasmon states, which has been
extensively studied [Raether 1988].
One important question arises when diﬀerent ﬁlm thicknesses are consid-
ered. While Maradudin et al. treat the case of thick metal ﬁlms, the actual
sample ﬁlm thickness is comparable to the plasmon skin depth, which in our
case measures 25 nm [Raether 1988]. Further investigations should therefore
address the inﬂuence of the ﬁlm thickness on plasmon transmission behavior.
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4.3.4 Coupling to Free-Space Electromagnetic Waves
The exponential decay of the surface plasmon intensity with distance from
the point of excitation is interrupted by the groove. There, a sharp increase
in the detected signal intensity is followed by a subsequent drop. The initial
signal rise suggests that the ﬁrst groove edge causes the plasmon to couple
to free-space electromagnetic modes, thereby leading to partial reradiation of
the plasmon energy. This interpretation is supported by the visual observa-
tion (see Fig. 4.1) of a bright line on the sample at the location where the
plasmon interacts with the groove. Behind the groove the exponential decay is
visible again in the near-ﬁeld images. A small fraction of the incident plasmon
is converted to light at the groove. This is due to edge roughness and the
propagating nature of the ﬁelds in the gap region. For larger gaps the eﬀect is
more prominent than for smaller ones, which can be explained by the increased
spreading of the beam in the gap. In order to investigate radiation patterns
for diﬀerent groove widths tip retraction scans were performed. Figure 4.9
shows the plasmon ﬁeld extending into the air side of the metal air interface.
There are rays extending from the surface close to the groove edges into the
air, which is attributed to reradiated light at the edges. There is also a second
radiated part more on the right side of the image which is broader.
Fig. 4.9. Tip retraction scan showing the plasmon ﬁeld extending into the air side
of the interface. Note the reradiated light at the groove edges. The groove position
is indicated. The image is not to scale because of the high aspect ratio.
48 4 Surface Plasmon Interaction with Single Grooves in Thin Silver Films
4.3.5 Coupling between Surface Plasmon Modes on Metal
Films
Recently, Ebbesen et al. [Ebbesen et al., 1998; Mart´ın-Moreno et al., 2001 and
2003] and So¨nnichsen et al. [So¨nnichsen et al., 2000] showed that the energy
of SPs excited on one side of a metal ﬁlm, either by the tip of a scanning near-
ﬁeld optical microscope (SNOM) or via a surface grating, can be transferred to
the other side and radiated there via sub-wavelength holes in the ﬁlm. In the
following, we show that a single groove in a silver ﬁlm can couple energy from
the upper SP mode to the non-radiative lower one propagating at the inner
interface between the metal ﬁlm and the glass substrate. The excitation of the
lower mode is directly detected with a SNOM as an intensity modulation due
to spatial beating between SP modes. For a quantitative analysis we use the
formulas describing SPs on the surface of a metal half-space. They provide a
good approximation also for ﬁlms in the thickness range used in our experi-
ment. However, the radiative damping of the upper mode has to be taken into
account additionally, as well as the modiﬁcation of the ﬁeld of the lower mode
close to the ﬁlm surface where the ﬁeld is probed. The image contrast can
be understood quantitatively and we determine the mode coupling eﬃciency.
We also show in a numerical simulation how the groove gives rise to such a
coupling.
Fig. 4.10. Wave vectors of
incoming (ki), reﬂected (kr, k
′
r)
and transmitted (kt, k
′
t) plasmon
modes
The most striking features in the near-ﬁeld images, obtained by scanning
the tip across the surface close to the groove, are a short-wavelength standing-
wave pattern in the upstream area (Fig. 4.11 a) and a similar pattern with a
much larger period in the region beyond the groove (Fig. 4.11 b). The pattern
in Fig. 4.11 a) is readily explained by reﬂection of the incident wave (k vector
ki = k) at the groove leading to a counter-propagating wave (kr = −k).
The superposition of the two waves results in a stationary spatial intensity
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modulation with period
Λ1 = 2π/|ki − kr| = π/k. (4.5)
The theoretical value of k follows from the dispersion relation of the SP
[Raether, 1988]:
k =
ω
c
√
ǫmrǫd
ǫmr + ǫd
, (4.6)
where ω/(2π) denotes the frequency, ǫmr is the real part of the dielectric con-
stant of the metal, and ǫd is the dielectric constant of the adjacent dielectric
medium. With ǫmr = −17.9 [Schro¨der, 1981], ǫd = 1, and ω/c = 2π/(632.8
nm) we obtain k = 2π/(614.8 nm). Hence, we expect a period of the standing-
wave pattern of Λ1 = 307.4 nm. For determining an accurate experimental
value, every scan line of the SNOM image was Fourier transformed and the
average amplitude spectrum was calculated as shown in Fig. 4.11 c). The
spectrum is dominated by a narrow peak corresponding to a wavelength of
310 nm, which is very close to the theoretical expectation.
The occurrence of a standing wave after the groove (Fig. 4.11 b) might
be surprising at ﬁrst sight, as only a transmitted wave should exist on that
side with no back-propagation. However, the groove breaks the translational
invariance along the direction of plasmon propagation and therefore the k
vector is no longer a preserved quantity. Hence, in the process of transmission
and reﬂection, also the SP at the metal-glass interface may be excited. The
wave number of this SP mode is k′ = 2π/(390 nm) as obtained from Eq. 4.6
with ǫ′d = n
2, n = 1.515 being the refractive index of the glass substrate.
Consequently, two SPs, one at each interface, propagate away from the
groove. The evanescent electromagnetic ﬁeld of the SP at the lower interface
extends across the metal ﬁlm and leaks into the air space above the ﬁlm, where
it is superimposed on the ﬁeld of the SP at the top interface. The interference of
these two transmitted ﬁelds, oscillating at the same frequency but propagating
with diﬀerent k vectors kt = k and k
′
t = k
′, leads to the formation of the
standing intensity pattern recorded by the SNOM. The modulation period is
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Fig. 4.11. Near-ﬁeld images of the plasmon intensity before (a) and after (b) the
groove. The incident plasmon propagates from left to right. The groove is situated
outside the displayed areas close to the right, respectively left border. The two
images were taken in diﬀerent runs at diﬀerent locations along the groove. (c) and
(d): Fourier transforms of (a) and (b). Vertical lines indicate the calculated beating
modes. Note the logarithmic ordinate in (c).
given by
Λ2 = 2π/|kt − k′t| = 1.06 µm, (4.7)
again in agreement with the experimental value of 1.09 µm deduced from the
Fourier spectrum. Note that the visibility of this standing wave after the
groove varies. Thus it is not always clearly visible as seen in Fig. 4.7.
At the groove, the lower SP mode should be excited not only in the for-
ward direction; such a wave should also emanate backwards into the upstream
region. Thus, in the area imaged in Fig. 4.11a), three waves are expected
to interfere with each other: the incident (ki = k) and reﬂected (kr = −k)
SPs at the surface and a reﬂected SP (k′r = −k′) at the inner interface. The
existence of the third wave gives rise to two additional fringe periods beside
Λ1: Λ2 = 2π/|kr − k′r| = 1.06 µm (identical with the period after the groove)
and
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Λ3 = 2π/|ki − k′r| = 239 nm. (4.8)
However, only one of these two spatial frequencies appears as a clear narrow
line in the experimental Fourier spectrum (Fig. 4.11c). This line, representing
a period of 242 nm close to the predicted value of Λ3, is two orders of magnitude
smaller in amplitude than the peak at 1/Λ1. The missing third peak arises
from beating between the two reﬂected SPs (i.e., the two weakest of the three
ﬁelds) and may therefore easily be lost in the noise (see below).
The visibility of the beating patterns allows us to estimate quantitatively
the plasmon reﬂection coeﬃcient of the groove and the eﬃciency of the cou-
pling between the two plasmon modes. It appears reasonable to assume that
the radiation of energy from the tip into the optical ﬁber is mainly due to
the electric-ﬁeld component along the sample surface, i.e., in the direction of
plasmon propagation (x axis). This assumption is supported by theory [van
Labeke et al., 1993], but is still subject to some debate [Dereux et al., 2000].
Fig. 4.12. Field components of
the two plasmon modes.
Therefore, let Exi, Exr, and E
′
xr be the respective ﬁeld amplitudes of the
incident, reﬂected upper, and reﬂected lower SPs close to the metal surface at
the groove edge, situated at x = 0. Then, in the upstream region (x < 0) the
x component of the total ﬁeld can be written as:
Ex(x, t) = (Exie
−κxeikx + Exre
κxe−i(kx+φ) + E ′xre
κ′xe−i(k
′x+φ′))e−iωt, (4.9)
where κ and κ′ denote the damping constants of the two plasmon modes, and
φ and φ′ account for possible phase shifts upon reﬂection. The damping is due
to internal damping in the metal (described by the imaginary part ǫmi of its
dielectric constant, ǫmi = 0.7 for silver at λ = 632.8 nm [Schro¨der, 1981]):
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κ =
ω
c
(
ǫmrǫd
ǫmr + ǫd
)3/2
ǫmi
2ǫ2mr
, (4.10)
which yields κ = (85 µm)−1 and κ′ = (22 µm)−1. The upper SP is additionally
subject to radiative loss to the glass substrate, which gives a corrected value
of κ = (59 µm)−1 for a 60 nm thick silver ﬁlm [Raether, 1988]. This value is in
good agreement with the intensity decay length of somewhat less than 30 µm
observed in our SNOM images (see Fig. 4.3). From Eq. 4.10 the time-averaged
intensity associated with Ex follows as
|Ex|2 = E2xie−2κx + E2xre2κx + E ′2xre2κ
′x (4.11)
+2ExiExr cos (2kx+ φ)
+2ExrE
′
xre
(κ′+κ)x cos ((k′ − k)x+ φ′ − φ)
+2ExiE
′
xre
(κ′−κ)x cos ((k′ + k)x+ φ′).
The average intensities are given by the ﬁrst three terms, followed by the
three beating signals with wave numbers 2k, k′−k, and k′+k corresponding to
the periods Λ1, Λ2, and Λ3 deﬁned earlier. The amplitude of the dominating
modulation at 2k is independent of x (as indeed conﬁrmed by the experiment),
whereas the other two modulations decay away from the groove with diﬀerent
decay constants κ′ + κ = (16 µm)−1 and κ′ − κ = (35 µm)−1.
The visibility
v = 2ExiExr/(E
2
xi + E
2
xr + E
′2
xr) (4.12)
of the dominant interference pattern close to the groove (x ≃ 0) can be de-
termined directly from single line scans taken from the SNOM image and is
found to be roughly v = 0.8. With E ′2xr ≪ E2xi it follows that Exr = 0.5Exi,
which means that 25% of the intensity is reﬂected in the upper mode in the
present case.
From the Fourier spectrum in Fig. 4.11 c) we deduce that the intensity
pattern at k′ + k (Λ3) is weaker by a factor of ∼ 100, hence E ′xr = 0.01Exr
according to Eq. 4.11. The ﬁeld of the lower mode at the inner interface
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is connected with the ﬁeld at the surface mainly by an exponential factor
determined by the decay constant
α′m = (k
′2 − ǫmr(ω/c)2)1/2 (4.13)
of the evanescent ﬁeld in the metal. For a ﬁlm thickness d = 60 nm we obtain
a factor exp (−α′md) = 1/15. However, the ﬁeld is modiﬁed by the presence of
the metal-air interface, and this causes a deviation by a factor
β′ = 2ǫmrα
′
d/(ǫmrα
′
d + ǫdα
′
m), (4.14)
where α′d is the transverse decay constant of the lower mode in the upper
dielectric, which is obtained from the same formula as α′m with ǫmr replaced
by ǫd = 1. Here β
′ = 2.5, so that the ﬁeld at the inner interface is E˜ ′xr =
6E ′xr = 0.03Exi. By integration of the Poynting vector of a weakly damped
SP with ﬁeld amplitude Ex, bound to the interface between two media with
dielectric constants ǫd and ǫmr, one can easily show that the total energy ﬂux
along the direction of propagation Ftot satisﬁes
Ftot ∝ E2x(ǫd + ǫmr)2(ǫd − ǫmr)/(−ǫmrǫd)3/2. (4.15)
With this, the factor of 0.03 in the ﬁeld transforms to 2.4 × 10−4 in the
energy ﬂux, which means that only a very small fraction of the power is trans-
ferred to the lower reﬂected mode.
Due to Exr = 0.5Exi, the contribution at k
′ − k should be weaker than
the pattern at k′ + k by a factor of two. Furthermore, the stronger damping
of this signal leads to a broadening of the spectral line at the expense of a
reduced peak height. This and the fact that the noise level is relatively high
in the interesting wave number region (probably due to diﬀuse scattering of
the incident wave at irregularities of the groove edge) explains why we did not
succeed to resolve this line. However, this beating mode, produced by upper
and lower SPs propagating in the same direction, can be studied in detail after
the groove, where it is clearly resolved (Fig. 4.11 b). A calculation for this
region in the same spirit as above yields:
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|Ex|2 = E2xte−2κx + E ′2xte−2κ
′x + 2ExtE
′
xte
−(κ′+κ)x cos ((k′ − k)x+ θ), (4.16)
where Ext and E
′
xt are the respective ﬁeld amplitudes of the two waves and θ
is their mutual phase shift. A closer analysis of the image displayed in Fig.
4.11 b) clearly shows that the fringe pattern decays faster than the average in-
tensity, in good quantitative agreement with the predicted decay lengths of 16
µm and 30 µm, respectively. The visibility of the interference pattern close to
the groove is v ≃ 0.3, which yields E ′xt ≃ 0.15Ext. Thus, the ﬁeld at the inner
interface E˜ ′xt = 6E
′
xt = 0.9Ext is almost as strong as the ﬁeld at the surface.
In terms of energy ﬂux the ratio is 0.21. From a comparison of the intensities
before and after the groove at the given location, we estimate that 55% of the
incident power was transmitted across the groove to the upper mode. Hence,
0.21×55% = 12% were coupled to the lower mode, indicating a rather eﬃcient
excitation. However, the eﬃciency seems to depend in a sensitive way on the
detailed structure of the groove edges. When the plasmon excitation is moved
to a diﬀerent place along the groove, the visibility of the various interference
patterns exhibits clear variations. Note that for display in Fig. 4.11 we chose
images taken at diﬀerent locations, showing the clearest patterns.
4.3.6 Numerical Model and Simulations
To gain more insight into the mode coupling introduced by the groove we per-
formed model calculations using the Finite-Diﬀerence Time-Domain (FDTD)
method, which allows both temporal and permanent responses to be studied
[Taﬂove, 2000]. This method, that is rigorous, is more adapted for the study of
a deep groove than the Rayleigh perturbative one used in [Baida et al., 1999].
In order to account for the generation and propagation of the SP, we need to
consider a large spatial domain of computation. The stability criteria stipulate
that the spatial step width should be less than ∆limit = λ/20.
However, in the present case, a ﬁner mesh is needed to describe the metal
layer and the groove correctly. In order to achieve a good representation of
geometrical details on the nanometre scale while at the same time keeping the
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Fig. 4.13. Variable FDTD mesh.
number of nodes within a reasonable limit we developed a new FDTD code
allowing a nonuniform discretisation of the structure [Taﬂove, 2000]. The spa-
tial meshing step is set to 5 nm for ﬁne geometrical features and to 30 nm in
other areas. To avoid large local errors (virtual reﬂections) due to an abrupt
change of the step width between two domains, they must be separated by
an intermediate domain where the spatial step varies slowly between the ﬁne
and the coarse mesh (see Fig. 4.13). Thus, the domain is meshed with only
4.2×105 nodes instead of 4×108 nodes, which would be necessary for a regular
discretisation. In addition, Perfectly-Matched-Layer (PML) absorbing condi-
tions (adapted to the nonuniform mesh) were used in order to cancel parasitic
reﬂections at the boundaries of the FDTD window of computation [Berenger
et al., 1994].
In the calculation, the thickness and optical constants of the silver ﬁlm,
the parameters of the exciting laser beam, and the groove width were set to
the values speciﬁed above. The angle of incidence (42.81◦) was chosen to give
the most eﬃcient SP excitation.
Figure 4.14 a) shows the time-averaged intensity distribution of the elec-
tromagnetic ﬁeld for the whole FDTD lattice. In Fig. 4.14 b) a cross section
taken 5 nm above the metal ﬁlm across the slit is displayed, which is expected
to reﬂect rather closely the experimentally measured quantity. The character-
istic features observed experimentally are well reproduced: The reﬂection of
the SP at the slit induces a fringe pattern with a period of 304 nm. In the
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downstream region a long-period standing-wave pattern is clearly visible with
a period of 1.08 µm. The role of the lower SP mode becomes evident upon
inspection of the intensity close to the lower interface (Fig. 4.14 c), which is
not accessible experimentally. Here, in the downstream region the long-period
pattern exhibits an increased visibility, while in the upstream region the pat-
tern is now dominated by a modulation period of 240 nm, produced by the
interference of the lower reﬂected mode with the incident upper one. A quanti-
tative comparison with the experiment with respect to the coupling eﬃciency
is again critically dependant on the groove quality, as the experiment clearly
indicates a strong dependence on geometrical details.
Nonetheless, the above considerations show that a straight groove in a
metal ﬁlm causes the two plasmon modes at the two ﬁlm boundaries to ex-
change energy and that this coupling can be rather pronounced. SNOM pro-
vides a unique tool for studying this phenomenon by analyzing the standing-
Fig. 4.14. (a): FDTD-calculated intensity distribution in the plane of incidence
of the exciting laser beam in logarithmic gray scale; (b) and (c): cross sections in
the region of a 490-nm-wide groove, 5 nm above (air) and below (glass) the metal,
respectively (courtesy of Fadi Baida).
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wave patterns created by the interfering plasmon modes, which allows for de-
duction of the coupling eﬃciency. The detailed theoretical modelling based on
the FDTD method oﬀers the prospect of gaining an improved understanding
of the coupling process and its dependence on various parameters, especially
the exact geometrical dimensions of the groove. If one thinks of possible ap-
plications, plasmon mode coupling may become an important building block
in plasmon-based nano-optical signal processing.
5 Stimulated Emission of
Surface Plasmons
In this chapter, amplification of SPs by stimulated emission at the inter-
face between a silver film and an optically pumped dye solution is demonstrated.
Here, organic dye molecules act as the amplifying medium. For that, a novel
twin-attenuated-total-reflection setup is introduced. Clear evidence of the pro-
cess is provided by an excellent agreement of the experimental observations with
a theoretical analysis.
5.1 Basic Concept
Surface plasmons are of interest not only for functional photonic elements, they
may also be used for ﬁeld ampliﬁcation when excited at metallic nanoparti-
cles or roughness features of metallic microparticles, where they are greatly
enhanced due to resonances [Shalaev et al., 1987]. These local ﬁelds ex-
hibit large spatial ﬂuctuations and energy concentration in nanosize volumes,
leading to a strong enhancement of optical responses. They can be strong
enough to allow, for example, the observation of Raman scattering from a sin-
gle molecule attached to a metal particle [Kneipp et al., 1997; Nie et al., 1997],
or the demonstration of non-linear processes such as near-ﬁeld ﬂuorescence
microscopy based on two-photon excitation [Sa´nchez et al., 1999].
The phenomena and applications mentioned above are based on the exci-
tation of local ﬁelds in a nanostructure by a resonant external optical ﬁeld.
Drawbacks are in particular that only a very small fraction of the excitation
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ﬁeld energy can be concentrated in the local ﬁeld of the nanoparticle. It is
also diﬃcult to select a single eigenmode for excitation [Bergman et al., 2003].
Also, there can exist a large number of dark eigenmodes that have desirable
localization properties but cannot be excited by an external wave [Stockman
et al., 2001]. For plasmonic signal processing in functional metallic nanostruc-
tures the strong damping of the plasmon ﬁelds due to dissipation and radiation
damping is obstructive. Ampliﬁcation of plasmons analogous to photon ampli-
ﬁcation in a laser would be a solution to this problem. Recently, Bergman and
Stockman suggested in a theoretical work such a device which they dubbed
SPASER (”Surface Plasmon Ampliﬁcation by Stimulated Emission of Radi-
ation”) [Bergman and Stockman, 2003]. In such a device a metal structure
supporting a surface plasmon resonance acts as the resonator and, provided
that gain can be introduced in the system, a self-sustained oscillation is ex-
pected to arise. Several unanswered questions remain, as to what an eﬃcient
pumping method and material would be and what kind of high quality res-
onator on the nanoscale would be used for plasmon ampliﬁcation.
As a ﬁrst step toward the realization of the SPASER, stimulated emission
of surface plasmons at the interface between a ﬂat continuous silver ﬁlm and
a liquid containing dye molecules is investigated. Optical pumping creates a
population inversion in the dye molecules, which then act to deliver energy to
the plasmon ﬁeld by stimulated emission.
In the following an experiment using a twin-attenuated-total-reﬂection setup
for observing stimulated emission of SPs is presented (see Fig. 5.1). In this
arrangement a thin metal ﬁlm is attached to a glass prism. The SP at the
outer metal surface is excited if p-polarized light is incident from the glass
side at a speciﬁc angle for which the projection of the k vector of the photon
matches the k vector of the SP. At this angle, the reﬂectance as a function of
incidence angle exhibits a dip whose width and depth depend on the degree of
damping that the SP experiences. A reduction of the damping caused by the
presence of an amplifying medium at the ﬁlm surface will therefore result in
a characteristic modiﬁcation of the reﬂectance curve. This is the basic idea of
the experiment, in which the silver ﬁlm is bounded by a dye solution.
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Fig. 5.1. SPASER concept. Twin attenuated-total-reﬂection method for SP
ampliﬁcation. Dye molecules, which are optically excited by the pump plasmon
ﬁeld, are made to coherently deliver their energy to the probe plasmon ﬁeld by
stimulated emission, thereby producing ampliﬁcation. The signature of this process
can be found in the reﬂected probe beam (see text). The spontaneous decay channel
causes directional plasmon-coupled light emission visible as a light cone containing
all colours of the dye emission spectrum.
5.2 Modelling the Lineshape
5.2.1 Intrinsic Damping and Gain
Let us ﬁrst estimate how much the intrinsic damping of the plasmon could be
reduced by this process. We treat the dye as a four-level system (see Fig. 5.2):
Optical excitation from the ground state 0 to the excited state 1 is followed
within picoseconds by relaxation to level 2. From there the molecule returns
to the ground state via an optical transition to level 3 and subsequent fast
relaxation to level 0. Optically pumping transition 0-1 transfers population to
level 2, while level 3 remains essentially empty due to fast relaxation. Hence,
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Fig. 5.2. 4-level system describing the the or-
ganic dye molecules.
transition 3-2 is characterized by population inversion and provides gain at its
transition frequency. At this frequency, the dye solution acquires an imaginary
part of the dielectric constant given by
ε′′d =
nλe
2π
(N3 −N2)σe, (5.1)
where n is the refractive index of the solvent, λe the emission wavelength in
vacuum, σe the emission cross section of the dye, and N3≈0 and N2 denote
the number density of molecules in states 3 and 2 in the solution. Population
inversion (N3 < N2) makes ε
′′
d negative, indicating gain rather than absorption.
Now consider a plasmon at the frequency corresponding to λe, propagating
along the interface between the dye solution and a metal half-space. The
intrinsic damping caused by dissipation in the metal leads to an exponential
decay e−γmx of the plasmon intensity along the propagation direction with
γm =
2π
λe
ε′′m
(ε′m)
2
(
ε′mε
′
d
ε′m + ε
′
d
)3/2
, (5.2)
where ε′m and ε
′′
m denote the real and imaginary part, respectively, of the
dielectric constant of the metal, while ε′d is the real part of the dielectric
constant of the solution, which is approximately given by the refractive index
of the solvent: ε′d≈n2. If we assume λe=632.8 nm and take ethanol as the
solvent (n=1.36) and silver as the metal (ε′m=−18, ε′′m=0.7) [Schro¨der, 1981]
we obtain γm=6.3×104 m−1. The gain provided by the dye solution reduces
this damping by an amount of γd following from
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γd =
2π
λe
ε′′d
(ε′d)
2
(
ε′dε
′
m
ε′d + ε
′
m
)3/2
, (5.3)
At best we could transfer all dye molecules to the upper level 2, so that N2
equals the total concentration N of the dye solution. Typical number densities
as used in dye lasers come close to N=1018 cm−3, while emission cross sections
at the maximum of the ﬂuorescence spectrum lie around σe=3×10−16 cm2.
These numbers yield ε′′d=−4×10−3 and a gain coeﬃcient γd=−3.4×104 m−1.
Hence, only under the extreme condition of most intense optical pumping
is the gain of the same order of magnitude as the intrinsic losses. As shown
later, this causes actual problems with the experimental setup. This clearly
shows that the realization of the SPASER will crucially depend on ﬁnding the
most eﬃcient gain medium and designing low-loss metal structures that can
function as resonators.
5.2.2 Thermal Effects
By illuminating the sample with intense pump light of several tens of milliwatts
the sample is locally heated. Since the plasmon excitation critically depends
on the dielectric properties of the involved materials, inﬂuences of temperature
changes cannot be neglected. In fact, they are so strong for small modulation
frequencies that the signal from stimulated emission of plasmons is completely
hidden. The heating produced by the power-modulated pump beam gives rise
to a periodic variation of the optical constants of the heated materials. Because
of the large volumetric thermal expansion of ethanol, mainly the refractive
index of the dye solution is modulated. This eﬀect makes the reﬂectance dip
oscillate in its angular position, which produces a pronounced background
signal. Therefore a thorough understanding of the thermal eﬀect is vital.
A useful approach to the modelling of this eﬀect considers the temperature
distribution in a three-layer geometry, which has been treated before [Jackson
et al., 1981]. This theory is then modiﬁed to include more than one absorbing
layer.
In the geometry in Fig. 5.3 region 0 and 1 (i.e. dye solution and silver ﬁlm,
respectively) are optically absorbing media while region 2 (i.e. the glass prism)
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Fig. 5.3. Calculation geom-
etry for the temperature distri-
bution in a three-layer geometry
with two absorbing layers.
is assumed non-absorbing. In these regions the temperature T is described by
the following equations
∇2T0 − 1
ξ0
∂T0
∂t
=
−Q0(−→r )eiωt
κ0
(5.4)
∇2T1 − 1
ξ1
∂T1
∂t
=
−Q1(−→r )eiωt
κ1
(5.5)
∇2T2 − 1
ξ2
∂T2
∂t
= 0 (5.6)
where κi is the thermal conductivity and ξi is the thermal diﬀusivity (ξi =
κi/ρici, ρi density, ci speciﬁc heat capacity). Qi describes the heat deposited
per unit volume at the frequency ω in the respective absorbing media. The
following boundary conditions apply
T0|z=0 = T1|z=0 , T1|z=d = T2|z=d (5.7)
and
κ0
∂T0
∂z
∣∣∣∣
z=0
= κ1
∂T1
∂z
∣∣∣∣
z=0
, κ1
∂T1
∂z
∣∣∣∣
z=d
= κ1
∂T1
∂z
∣∣∣∣
z=d
(5.8)
For the dye solution, Q0 is given by
Q0 =
1
2
ωε′′dε0|Ed|2e−α0z (5.9)
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(5.10)
=
1
2
ωε′′dε0|E0|2V e−α0z
where |E0|2 is the incident pump light power, α0 the transverse plasmon decay
length in the dye solution (now in terms of |E|2, as opposed to 4.14), and V the
ﬁeld enhancement. Ed denotes the plasmon ﬁeld at z = 0 in the dye solution.
The intensity of the incoming beam can be written
I =
2P
πa2
e−2
r2 cos φ
a2 (5.11)
(5.12)
=
1
2
ε0n˜c|E0|2
where n˜ is the refractive index of the prism and a is the eﬀective beam radius
(1/e2) of the Gaussian pump beam (the actual beam on the interface is ellip-
tical because of the oblique incidence, hence we use the approximation of a
circular distribution that yields the same integral). φ is the angle of incidence
and r = (x2 + y2)1/2.
This yields
Q0 =
2P
πa2
e−2
r2cosφ
a2
2π
n˜λ
ε′′dV e
−α0z (5.13)
For the metal ﬁlm one can write
Q1 =
1
2
ωε′′dε0|Em|2eα1z. (5.14)
Here, Em is the plasmon ﬁeld at z = 0 in the metal. Note, that the assumed
exponential decay is not entirely correct for a metal ﬁlm. The presence of the
second interface slightly alters the ﬁeld close to that interface, however, this is
neglected here. Using
|Em|2 = |Ed|2
(
− ε
′
d
ε′m
)
(5.15)
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then ﬁnally yields
Q1 =
2P
πa2
e−2
r2cosφ
a2
2π
n˜λ
(
− ε
′
d
ε′m
)
ε′′mV e
α1z (5.16)
The ﬁeld enhancement can be approximately expressed as
V = n˜ cosφ · S (5.17)
with
S =
2(1−Rmin)
(
−ε′
d
2
ε′
d
+ε′m
)1/2
ε′′d + ε
′′
m
ε′
d
2
ε′m
2
(5.18)
where Rmin is the minimum value of R in the angular reﬂectance curve, which
can be calculated using the formulas described in 2.1.5. Separation of the z
dependance of Qi followed by a Fourier transform with respect to x and y
yields
Q˜0 = P S
ε′′d
λ
e−
k2a2
8 cos φ (5.19)
and
Q˜1 = P S
ε′′m
λ
(
− ε
′
d
ε′m
)
e−
k2a2
8 cos φ (5.20)
The actual temperature change at the focus center (r = 0) of the pump
light spot at the metal-ﬂuid interface is then given by
δT (z) =
∞∫
0
dk k T˜ (k, z)J0(0), (5.21)
J0 being the zero-order Bessel function and
T˜ = Γ0e
−α0z + (Γ1 − Γ0 + A+B)e−β0z for z > 0 (5.22)
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Γi =
Q˜i
κi
1
β2i − α2i
(5.23)
A = − 1
H
[
((1− g)(b− r1)e−(α1+β1)d + (g + r1)(1 + b))Γ1 (5.24)
−g(r0 − 1)(1 + b)Γ0
]
B = − 1
H
[
((1 + g)(b− r1)e−(α1+β1)d + (g + r1)(1− b)e−2β1d)Γ1 (5.25)
−g(r0 − 1)(1− b)e−2β1dΓ0
]
H = (1 + g)(1 + b)− (1− g)(1− b)e−2β1d (5.26)
where
g =
κ0β0
κ1β1
, b =
κ2β2
κ1β1
, ri =
αi
βi
(5.27)
and
αi =
4π
λ
√
−ε′ 2i
ε′0 + ε
′
1
(5.28)
βj =
√
k2 +
i ω
ξj
(5.29)
Solving these equations yields the frequency-dependant temperature change
δT (ω) induced by the pump beam through local heating.
For the calculation of absolute signal contributions the inﬂuence of ∆T on
the change of the dielectric constant has to be considered. For small changes
δε of the complex dielectric constant ε
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δε =
dε
dn
dn
dT
δT = 2n
dn
dT
δT = ηδT (5.30)
The evanescent plasmon ﬁeld experiences an eﬀective change of the dielectric
constant of
∆ε = α0
∞∫
0
e−α0z δε(z) dz
= ηα0
∞∫
0
e−α0z δT (z) dz
= ηα0
∞∫
0
dk k J0(0)
(
Γ0
2α0
+
Γ1 − Γ0 + A+B
α0 + β0
)
(5.31)
The actual change of the angular reﬂectance curve ∆R is then accessible by
the known procedure outlined in 2.1.5. Results are shown in ﬁgure 5.4. The
maximum values of the absolute reﬂectance change are plotted versus angular
frequency.
Clearly visible are two distinct cut-oﬀ frequencies that are attributed to diﬀer-
ent low-passes in the system. Above a cut-oﬀ frequency of roughly 50 Hz the
real part and the imaginary part of ∆R decline as a function of modulation
frequency ω, essentially following a ω−1/2 dependence, which transforms to a
ω−1 roll-oﬀ at even higher frequencies. The cut-oﬀ frequencies are due to the
fact that the penetration depth of the thermal wave decreases with increas-
ing frequency. The penetration depth passes certain geometrical limits which
are the pump spot size and the transverse plasmon decay length in the dye
solution. At these points the eﬀective thermal conductivities and diﬀusivities
change, which leads to diﬀerences in heat transport.
The implications that follow are here that for high enough modulation
frequencies of the pump light the unwanted thermal change in reﬂectance can
be suppressed.
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Fig. 5.4. Calculation of the thermal change of reﬂectance. In-phase part (red)
and out-of-phase part (blue) with respect to the power modulation are shown.
5.2.3 Kramers-Kronig Analysis
The relation between dispersion and absorption processes in materials are de-
scribed by the Kramers-Kronig relations [Kramers, 1926; Kronig, 1926], which
couple the real and imaginary parts of the complex dielectric constant in the
following way
Re ǫ(ω) = 1 +
2
π
P
∞∫
0
ω′ Im {ǫ(ω′)}
ω′2 − ω2 dω
′, (5.32)
Im ǫ(ω) = −2ω
π
P
∞∫
0
[ Re {ǫ(ω′)} − 1]
ω′2 − ω2 dω
′, (5.33)
These relations are of general validity because they only rely on the as-
sumption that dielectric displacement and electric ﬁeld are connected by a
causal relation. The main problem for practical application of those formulas
is that one needs to know Im (ε) over all frequencies to determine Re (ε) using
the Hilbert transform, whereas a given experiment only yields values over a
ﬁnite frequency range. This can be handled in a crude manner, i.e. some
approximation for Im (ε) is used outside the measured frequency range, most
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Fig. 5.5. Absorption and emission cross sections of rhodamine 101 (a) and cresyl
violet (b) (reproduced from [Ba¨umler et al., 1992]).
simply the values are set to zero. This is certainly not the correct solution of
the given problem, however, under certain circumstances it can be a valuable
approximation.
In order to understand the associated changes in the real part of the dielec-
tric constant of the dye solution for the case that the imaginary part changes
(which is the case when the excited state gets populated), equation 6.1 is ap-
plied to experimental data of absorption and emission cross sections of cresyl
violet and rhodamine 101 (Fig. 5.5). In the four-level picture state 2 gets
populated and leads to negative absorption. The emission cross section de-
scribes this process because we are dealing with stimulated emission, which is
the inverse process of absorption. Additionally level 0 gets depopulated. This
leads to decreased absorption described by the absorption cross section.
Resulting relative changes of ∆ǫr at λ=632.8 nm from this analysis are
listed in table 5.1. Note that no absolute values are shown, as indicated by
an arbitrary factor c (c depending on dye concentration). Both ﬂuorescence
(stimulated emission) and absorption contribute with the same sign to the
change in ∆ǫi, hence, the sum of the two contributions has to be taken for
the whole eﬀect. This yields relative values of ∆ǫr/∆ǫi ≃ 0.39 for cresyl
violet and ∆ǫr/∆ǫi ≃ 1.65 for rhodamine 101. This shows, that the two dyes
have quite diﬀerent properties which will eventually become experimentally
evident in signiﬁcant diﬀerences in the ∆R line shape. Note that excited state
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Table 5.1. Calculated contributions to ∆ǫ from Kramers-Kronig-analysis.
data c·∆ǫr c·∆ǫi
cresyl violet ﬂuorescence -3.7·107 -1.9·108
cresyl violet absorbance 1.2·108 -2.4·107
rhodamine 101 ﬂuorescence 7.5·107 -8.4·107
rhodamine 101 absorbance 6.5·107 -8.6·105
absorption, which might be a considerable factor [Tarkovsky et al., 2003], is
neglected in the calculation because no experimental data was available. The
above ratios are then used for the calculation of diﬀerential reﬂectance curves
for given changes ∆ǫi.
5.2.4 Differential Angular Reflection
With the knowledge of thermal changes and of the relation between dispersion
and absorption processes described by the Kramers-Kronig relations it is now
possible to calculate the diﬀerential angular reﬂection that reveals the stim-
ulated emission process. Again Maxwell’s equations are solved for stratiﬁed
media, but now including gain, i.e. the change in the real and imaginary parts
of the dielectric constant of the dye solution according to
∆ε′′d =
nλe
2π
(N3 −N2)σe, (5.34)
where n is the refractive index of the solvent, λe the emission wavelength in
vacuum, σe the emission cross section of the dye, and N3≈0 and N2 denote
the number density of molecules in states 3 and 2 in the solution. From ∆ε′′d
the value of ∆ε′d follows according to section 5.2.2.
If |Ep| denotes the electric-ﬁeld amplitude of the pump plasmon in the
dye solution and σp is the absorption cross section of the dye at the pump
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wavelength λp, then the pump rate experienced by a molecule in the ground
state is
kp = ε0nλpσp|Ep|2/(2h), (5.35)
where h is Planck’s constant and ε0=8.85×10−12 C/(Vm). The plasmon inten-
sity |Ep|2 is enhanced with respect to the square modulus |Ei|2 of the incident
ﬁeld in the prism by a factor up to v=35, as calculated by an analysis of the
reﬂection at the layered system glass-metal-liquid. In the center of the pump
focus, |Ei|2 can be deduced from the power Pp of the pump beam according to
|Ei|2 = 4Pp/(πw2pε0nGc), (5.36)
nG=1.5 being the refractive index of the prism and c the speed of light. The risk
of thermal damage does not allow us to raise the pump power much above 10
mW. For Pp=10 mW and σp=3×10−16 cm2, one obtains a pump rate kp=1×106
s−1. Within the four-level model, the population of the upper level 2 in the
steady state is determined by the ratio of the pump rate and the spontaneous
decay rate ks:
N2 = Nkp/(kp + ks). (5.37)
With a typical lifetime of state 2 of 3 ns we have ks=3.3×108 s−1 and thus
N2=3×10−3N , which is only a small fraction of the total number of molecules.
According to equation 5.34 the change of the imaginary part of the dye di-
electric index can be expected to be in the order of ∼ 10−5. Therefore, only a
rather small modiﬁcation of the reﬂectance is expected. In fact, the signal is
so small that a special detection method has to be used which is described in
the next section. Results of the calculations are shown later on together with
experimental curves.
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5.3 Setup
The dye (either rhodamine 101 or cresyl violet) is optically pumped by a dye
laser operating at λp=580 nm. To couple the pump light to the dye molecules
close to the silver ﬁlm the pump beam is made to excite a plasmon at the
metal surface [Lakowicz, 2004]. The evanescent ﬁeld of this plasmon, which is
enhanced with respect to the incident ﬁeld, ensures eﬃcient pumping within
a layer having a thickness of the order of 100 nm.
This is realized in a twin-ATR setup sketched in Fig. 5.6. The pump light
and the light of a He Ne laser (λe=632.8 nm) exciting the plasmon to be am-
pliﬁed enter the prism through opposite faces. The pump light is focussed to
a 1/e2 radius of wp=130 µm while the probe beam is more tightly focussed, so
that its spot with a radius we=60 µm is completely covered by the pump focus.
Fig. 5.6. SPASER setup.
A ﬂow cell through which the dye solution circulates is attached to the side
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of the prism carrying the metal ﬁlm. The continuous exchange of the solution
at the interface is necessary for the following reasons: photobleaching would
otherwise lead to loss of the gain within seconds, and the circulation also helps
to reduce the heat load caused by absorption of the pump light in the metal
ﬁlm and in the dye, as even for small pump powers of about 10 mW the ethanol
solution starts to boil if not circulated.
Rotating the prism by means of a goniometer varies the angle of incidence
of the probe beam while a photodiode monitors the reﬂected power, thereby
recording the reﬂectance curve. An edge ﬁlter with an optical density of 10
at 580 nm prevents stray light produced by the pump beam from reaching
the detector. The pump beam is delivered to the prism via a polarization
preserving single-mode ﬁber connected to the Θ-turntable of the goniometer,
so that its incidence angle always stays constant. The axis of rotation is
oﬀset with respect to the symmetry plane in such a way that the probe spot
remains stationary on the silver ﬁlm during the rotation and, hence, the overlap
with the pump focus is preserved. In the case of rhodamine 101 the prism is
moved slowly in the direction normal to the plane of incidence during the
measurement, so that fresh silver ﬁlm is continuously moved into the focus.
This keeps the problem of photochemical ﬁlm deterioration to a minimum
which is otherwise observed upon inspection as adhering dark remnants on the
silver ﬁlm.
To single out the expected weak eﬀect of stimulated emission with high
sensitivity a dynamic measurement with phase-sensitive detection is applied.
The pump power is modulated by means of an resonantly driven electro-optic
modulator working at 27 MHz while a lock-in ampliﬁer (SR 844, Stanford
Research Systems) measures the corresponding modulation as detected by the
photodiode. The main part of this signal stems from spontaneous decay of
the dye molecules leading to excitation of plasmons on the silver ﬁlm, whose
radiative decay in turn gives rise to directional emission of ﬂuorescence light.
This light is concentrated in a cone around the pump focus (see Fig. 5.1).
To discriminate the small amount of light produced by stimulated emission
against this ﬂuorescence background, the probe beam is mechanically chopped
at 23 Hz, which produces a small modulation at the output of the lock-in
ampliﬁer. This modulation is detected with a second lock-in ampliﬁer (SR 830,
Stanford Research Systems), whose output signal - measured as a function of
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the incidence angle of the probe laser beam - directly reﬂects the diﬀerence
between the reﬂectance curves in the presence and absence of the pump beam.
The choice of modulation frequency of the pump light is dictated by the
need of suppressing two types of background:
 The thermal eﬀect as discussed before. Above a cut-oﬀ frequency of
roughly 50 Hz the thermal induced reﬂectance change declines as a func-
tion of modulation frequency ω, essentially following a ω−1/2 dependence,
which transforms to a ω−1 roll-oﬀ at even higher frequencies. At a mod-
ulation frequency of 27 MHz, which corresponds to ω = 2π×27 MHz
∼=0.17 GHz, the thermal eﬀect is reduced by several orders of magnitude
allowing for an observation of the pure eﬀect of stimulated emission. It
would not be possible to increase this frequency much further, since then
the limit given by the inverse lifetime τ−1S of the ﬁrst singlet state would
be approached, leading to a loss of signal until it would ﬁnally vanish.
 Intersystem crossing transfers some of the excited dye molecules to the
metastable triplet state with a lifetime τT of microseconds. Periodic
optical pumping produces complementary modulation of the populations
in the triplet and in the ground state. This may contribute to the change
of the dielectric constant of the dye solution and thus represents a further
source of background. At frequencies ω larger than τ−1T this population
modulation decreases in proportion to ω−1. Therefore, by choosing a high
enough modulation frequency we can suppress both this eﬀect and the
thermal background to a large extent. Note, however, that on average
also then an appreciable fraction of the molecules may reside in the triplet
state, leading to a reduction of the eﬀective density of molecules available
for optical pumping. Unlike in a free-jet dye laser the circulation of the
dye solution is ineﬀective in preventing this loss of gain as the ﬂow speed
is far too low close to the metal surface.
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5.4 Proof of Stimulated Emission
At this point, the actual measurement can be compared with the theoretical
predictions following from the previous sections. Figs. 5.7 a) and (b) show
experimental diﬀerential reﬂection curves obtained with the two dyes cresyl
violet and rhodamine 101 for various thicknesses of the silver ﬁlm. Theoretical
diﬀerential reﬂectance curves are also depicted in Figs. 5.7 c) and (d).
Fig. 5.7. Diﬀerential reﬂectance curves proving stimulated emission of surface
plasmons for diﬀerent metal ﬁlm thicknesses and dyes; experiment (a, b) and theory
(c, d). (a) and (c) refer to cresyl violet, whereas (b) and (d) depict results for
rhodamine 101. The respective ﬁlm thickness is indicated for each curve. The
modulation amplitude of the pump power was 10 mW root mean square (rms) for
cresyl violet and 9 mW rms for rhodamine 101. The reﬂectance change ∆R is also
given as an rms quantity. The number density of dye molecules was 7 × 1017cm−3
for both dye solutions.
For a ﬁlm thickness of approximately 40 nm the reﬂectance change induced
by the amplifying medium is positive across the whole reﬂectance dip (see
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the red curves). In this case stimulated emission of SPs simply leads to an
increased emission of light into the reﬂected probe beam due to radiative SP
decay. At larger ﬁlm thicknesses around 65 nm the reduced damping caused
by stimulated SP emission manifests itself as a narrowing and deepening of the
reﬂectance dip. This produces a more complicated diﬀerential line shape with
both positive and negative parts (see the blue curves). In both cases, the eﬀect
of stimulated emission is accompanied by an angular shift of the reﬂectance
dip in accordance with ∆ǫ
′
d. The detailed signal shape therefore depends on
the ratio ∆ǫ
′
d/∆ǫ
′′
d which is diﬀerent for the two dyes.
The eﬀects listed below have been taken into account in the evaluation.
Because they are small they will not change the line shape in a ﬁrst approxi-
mation, however, they alter the absolute signal levels.
 Refraction at the entrance face of the prism makes the beam proﬁle
elliptical leading to a change of the eﬀective pump spot size and hence,
the introduced pump energy per area. The geometric average of the two
elliptic axes is taken as the eﬀective pump spot radius.
 The exponential decay of the pump ﬁeld into the dye solution results in
less eﬃcient pumping of more distant dye molecules as the eﬃcient pump
intensity decreases due to absorption of molecules close to the metal ﬁlm
(see treatment in 5.2.1).
 The ﬁnite size of the pump focus causes a variation of the pumping
eﬃciency across the probe focus in spite of the fact that the probe spot
is completely covered by the pump spot. Comparison of pump spot size
(265 µm) and probe spot size (120 µm) for a Gaussian beam yields a
factor of ∼ 0.8. Hence, the measured signal has been multiplied by a
factor of 1.25.
 A thin contamination layer of photochemically deteriorated dye molecules
is adsorbed to the silver ﬁlm causing extra absorption (evidenced by a
small change in the reﬂectance dip). Here the experimental reﬂectance
curve has been ﬁtted assuming a 1 nm thin layer of deteriorated molecules
with the dielectric constant of this ﬁlm as the ﬁt parameter. This layer
is then used additionally to the known geometry in all subsequent calcu-
lations.
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In general, inspection of the experimental curves reveals an excellent agree-
ment with theory as far as the line shape is concerned. In all cases extra
absorption instead of gain would lead to a distinctly diﬀerent signal shape.
Hence, the experimental observations provide clear evidence for stimulated
emission of surface plasmons. The theory predicts a reduction of the damping
by −γd ∼10 m−1, which corresponds to a relative eﬀect of ∼1.6×10−4 with
respect to the intrinsic damping. The absolute measured signal levels are gen-
erally lower by a factor of 4 to 10 as compared with the theoretical prediction.
Four main reasons are expected to contribute to such a loss of signal:
 An appreciable fraction of the dye molecules is trapped in the metastable
triplet state, therefore not contributing to the signal. The actual number
is diﬃcult to determine, because ﬂow cell parameters and certain gas
concentrations (solved oxygen, i.e. air) contribute.
 Additionally, the dye molecules closest to the metal surface are subject
to an increased decay rate due to radiationless energy transfer to the
metal [Waldeck et al., 1985; Chance et al., 1978]. This strongly reduces
the number of molecules in level 2 in a layer approximately 20 nm thick.
 Absorption in the excited state to higher singlet states might occur lead-
ing to a decreased population of level 2 of the dye. There is no ex-
perimental data available for the dyes in use, however, the eﬀect might
contribute signiﬁcantly to loss of signal, as shown for other organic dyes
[Tarkovsky et al., 2003].
In conclusion, stimulated emission of surface plasmons based on optically
pumped organic dye molecules as the gain medium has been realized. For
future applications higher gain levels are clearly necessary. This should be
feasible, since the quantum mechanical limit of the gain cross section [Klyshko,
1988], given by
σg =
3λ2
2π
(5.38)
is many orders of magnitude higher than those known for highly eﬃcient or-
ganic dyes [Pisignano et al., 2002]. For these dyes gain coeﬃcients of γd =
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2.2 × 103cm−1 have been reported, which is only a factor of 30 below the in-
trinsic losses of the plasmon in the TATR-geometry. To solve this problem,
more eﬃcient materials and pumping methods must be developed, including
for example strong local ﬁeld enhancement in suitable nanostructures, pump-
ing in quantum dots and electrical pumping in semiconductor heterostructures.
The latter ones are especially promising, as they have been shown to provide
gain coeﬃcients of up to γd = 3×104cm−1 [Zory, 1993]. This might lead to the
development of novel eﬃcient plasmon and light emitters, which holds great
potential for applications in nanooptics.
6 Conclusion and Outlook
In this work experiments on surface plasmons on thin metallic ﬁlms were
performed using near-ﬁeld optical microscopy and diﬀerential reﬂectance spec-
troscopy under ambient conditions. The following questions were addressed:
 Imaging of surface plasmon ﬁelds by near-ﬁeld optical microscopy
 Understanding of near-ﬁeld image contrast and inﬂuence of diﬀerent
near-ﬁeld probes
 Inﬂuence of single grooves in the plasmon-supporting metal ﬁlm on sur-
face plasmon propagation
 Theoretical description and feasibility of stimulated emission of surface
plasmon polaritons
 Experimental implementations of stimulated emission of surface plasmon
polaritons
The following experimental observations have been made:
 Conventional metal-coated SNOM probes are not suited to image surface
plasmons because of strong disturbances caused by the metal cladding.
Uncoated bare dielectric ﬁbres are a better choice.
 A straight groove in a metal ﬁlm causes the two plasmon modes at the
two ﬁlm boundaries in the ATR geometry to exchange energy and this
coupling can be rather pronounced. Coupling eﬃciencies were deter-
mined.
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 SNOM provides a unique tool for studying this phenomenon by directly
accessing surface bound electromagnetic ﬁelds and subsequent analysis
of the standing-wave patterns created by the interfering plasmon modes.
 Stimulated emission of surface plasmon polaritons by optical pumping of
organic dye molecules has been proven.
 A detailed theoretical description and one suitable experimental real-
ization have been given. The new concept of Twin Attenuated Total
Reﬂection was introduced.
Plasmon Mode Selection by Refraction
As shown in chapter 4 the k vectors of the silver-air and silver-glass plas-
mon modes are diﬀerent. If the plasmon is not incident perpendicularly on
the groove, but rather under an angle α, there must be refraction for the
transmitted lower mode according to Snell′s law
k sinα = k′ sin β, (6.1)
which opens the ﬁeld for other interesting applications, e.g the spatial selection
of modes. Here, the groove acts as a beam splitter for diﬀerent modes while
the splitting depends upon the incident angle of the plasmon on the groove.
This eﬀect should be observable in an experiment as the lower mode changing
direction with respect to the incident plasmon, i.e. it propagates with a smaller
angle β to the groove normal. A double groove structure can act as a test
structure. Each groove would then be e.g. 100 µm long with a separation of
30 µm as shown in Figure 6.1.
Here, groove (1) couples part of the incident plasmon ﬁeld to the lower mode.
This mode propagates at the metal-glass interface until it is disturbed by the
second groove. Groove (2), which is broader (e.g. some microns), then acts as
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Fig. 6.1. Mode selection by re-
fraction. Groove (1) couples part
of the incident plasmon ﬁeld to
the lower mode. Groove (2) acts
as probe by scattering the lower
mode into observable light.
a probe, scattering the lower mode into observable light.
Appendix
MATHEMATICA
®
Scripts for Solving Maxwell’s Equa-
tions for Stratified Media
The following code has been successfully tested with the MATHEMAT-
ICA
®
4.0 software system fromWolfram research (http://www.wolfram.com/).
It is intended for a 4-layer system but can easily be adjusted to more layers
from symmetry considerations.
Calculation of angle-dependant reflectance spectra
(∗ Calculation of Angle-Dependant Reflectance Spectra ∗)
e0:=(1.5152)^2
e1:=(1.5152)^2
e2 := -17.99639 - I 0.50912 (∗ e’’ is negative, because
exp(+iwt) for plane waves ∗)
e3:=1
a0 := 1
h1 := 2.4 10^(-6)
h2 := 60 10^(-9)
lambda := 632.8 10^(-9)
c := 3 10^(8)
w = 2 Pi c/lambda
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theta := (x/180)∗ Pi
gamma0 = Sqrt[-e0 (w^2)]/c
u0 = Sqrt[-e0 (w^2)/c^2 - (gamma0 Sin[theta])^2]
u1 = Sqrt[-e1 (w^2)/c^2 - (gamma0 Sin[theta])^2]
u2 = Sqrt[-e2 (w^2)/c^2 - (gamma0 Sin[theta])^2]
u3 = Sqrt[-e3 (w^2)/c^2 - (gamma0 Sin[theta])^2]
r0 = I w e0
r1 = I w e1
r2 = I w e2
r3 = I w e3
ergebnis := NSolve[{a0 + b0 == a1 + b1,
(-a0 u0 + b0 u0)/r0 == (-a1 u1 + b1 u1)/r1,
a1 Exp[-u1 h1] + b1 Exp[u1 h1] == a2 Exp[-u2 h1] + b2 Exp[u2 h1],
a3 Exp[-u3 (h1 + h2)] == a2 Exp[-u2 (h1 + h2)] + b2 Exp[u2 (h1
+ h2)],
(-a1 u1/r1) Exp[-u1 h1] + (b1 u1/r1) Exp[ u1 h1] == (-a2 u2/r2)
Exp[-u2 h1] + (b2 u2/r2) Exp[ u2 h1], (-a2 u2/r2) Exp[-u2 (h1 +
h2)]
+ (b2 u2/r2) Exp[ u2 (h1 + h2)] == (-a3 u3/r3) Exp[-u3 (h1 + h2)]},
{a1, a2, a3, b0, b1, b2}, 200]
H0[z ] := a0 Exp[-u0 z] + b0 Exp[u0 z] /. ergebnis
H1[z ] := a1 Exp[-u1 z] + b1 Exp[u1 z] /. ergebnis
H2[z ] := a2 Exp[-u2 z] + b2 Exp[u2 z] /. ergebnis
H3[z ] := a3 Exp[-u3 z] /. ergebnis
R[x ] := Abs[(b0/a0)]^2 /. ergebnis Plot[R[x],
{x, 40, 50}, PlotRange -> {0.0, 1}, PlotPoints -> 300,
Axes -> False, Frame -> True, GridLines -> {Automatic, Automatic},
FrameLabel -> {"theta [◦]", "R(theta)"}]
{∗ end ∗}
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Calculation of the Electromagnetic Field Distribution
and Energy Dissipation
(∗ Calculation of the Electromagnetic Field Distribution
and Energy Dissipation ∗)
e0:=(1.5152)^2
e1:=(1.5152)^2
e2 := -17.99639 - I 0.50912 (∗ e’’ is negative, because exp(+iwt)
for plane waves ∗)
e3:=1
a0 := 1
h1 := 2.4 10^(-6)
h2 := 60 10^(-9)
lambda := 632.8 10^(-9)
c := 3 10^(8)
w = 2 Pi c/lambda
theta := (42.8/180)∗ Pi
gamma0 = Sqrt[-e0 (w^2)]/c
u0 = Sqrt[-e0 (w^2)/c^2 - (gamma0 Sin[theta])^2]
u1 = Sqrt[-e1 (w^2)/c^2 - (gamma0 Sin[theta])^2]
u2 = Sqrt[-e2 (w^2)/c^2 - (gamma0 Sin[theta])^2]
u3 = Sqrt[-e3 (w^2)/c^2 - (gamma0 Sin[theta])^2]
r0 = I w e0
r1 = I w e1
r2 = I w e2
r3 = I w e3
ergebnis := NSolve[{a0 + b0 == a1 + b1,
(-a0 u0 + b0 u0)/r0 == (-a1 u1 + b1 u1)/r1,
a1 Exp[-u1 h1] + b1 Exp[u1 h1] == a2 Exp[-u2 h1] + b2 Exp[u2 h1],
a3 Exp[-u3 (h1 + h2)] == a2 Exp[-u2 (h1 + h2)] + b2 Exp[u2 (h1
+ h2)],
(-a1 u1/r1) Exp[-u1 h1] + (b1 u1/r1) Exp[ u1 h1] == (-a2 u2/r2)
Exp[-u2 h1] + (b2 u2/r2) Exp[ u2 h1], (-a2 u2/r2) Exp[-u2 (h1
+ h2)]
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+ (b2 u2/r2) Exp[ u2 (h1 + h2)] == (-a3 u3/r3) Exp[-u3 (h1 + h2)]},
{a1, a2, a3, b0, b1, b2}, 200]
H0[z ] := a0 Exp[-u0 z] + b0 Exp[u0 z] /. ergebnis
H1[z ] := a1 Exp[-u1 z] + b1 Exp[u1 z] /. ergebnis
H2[z ] := a2 Exp[-u2 z] + b2 Exp[u2 z] /. ergebnis
H3[z ] := a3 Exp[-u3 z] /. ergebnis
E1x[z ] =(-1)/r1) D[H1[z], z]
E2x[z ] =(-1)/r2) D[H2[z], z]
E3x[z ] =(-1)/r3) D[H3[z], z]
E1z[z ] = (1/r1) (-1) (gamma0 Sin[theta]) H1[z]
E2z[z ] = (1/r2) (-1) (gamma0 Sin[theta]) H2[z]
E3z[z ] = (1/r3) (-1) (gamma0 Sin[theta]) H3[z]
pointingx1[z ] := 0.5 Re[-E1z[z] Conjugate[H1[z]]]
pointingx2[z ] := 0.5 Re[-E2z[z] Conjugate[H2[z]]]
pointingx3[z ] := 0.5 Re[-E3z[z] Conjugate[H3[z]]]
divpointing1[z ] := 0.5 w 8.854 10^2(-12) Im[e1] (Re[E1x[z]]^2
+ Re[E1z[z]]^2
+ Im[E1x[z]]^2 + Im[E1z[z]]^2)
divpointing2[z ] := 0.5 w 8.854 10^2(-12) Im[e2] (Re[E2x[z]]^2
+ Re[E2z[z]]^2
+ Im[E2x[z]]^2 + Im[E2z[z]]^2)
divpointing3[z ] := 0.5 w 8.854 10^2(-12) Im[e3] (Re[E3x[z]]^2
+ Re[E3z[z]]^2
+ Im[E3x[z]]^2 + Im[E3z[z]]^2)
(∗ Graphen Divergenz Poynting - Vektor - Betrag∗)
graph5 = Plot[pointingx[z], {z, h1, (h1 + h2)}, PlotPoints -> 100]
graph6 = Plot[divpointing1[z], {z, (h1 - 0.1 10^2(-6)), h1},
PlotPoints -> 100]
graph7 = Plot[divpointing2[z], {z, h1, (h1 + h2)},
PlotPoints -> 100, PlotRange -> {0, (-6 10^(-13))}]
graph8 = Plot[divpointing3[z], {z, (h1 + h2),
(h1 + h2 + 0.1 10^(-6))},
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PlotPoints -> 100]
graphdivpointingall = Show[graph6, graph7, graph8, PlotRange
-> 0, -6 10^(-13),
Axes -> False, Frame -> True, GridLines -> {{h1, (h1 + h2)},
Automatic}, FrameLabel -> {"z-Wert [m]", "div S(z) [a.u.]"}]
(∗ Graphen H - Felder ∗)
graph1 = Plot[Abs[H1[z]], {z, (h1 - 0.1 10^(-6)), h1}]
graph2 = Plot[Abs[H2[z]], {z, h1, (h1 + h2)}]
graph3 = Plot[Abs[H3[z]], {z, (h1 + h2), (h1 + h2 + 0.1 10^(-6))}]
(graphHfieldall = Show[graph1, graph2, graph3, Axes -> False,
Frame -> True,
GridLines -> {{h1, (h1 + h2)}, Automatic},
FrameLabel -> {"z-Wert [m]",
"Hy(z) [a.u.]"}]
(∗ end ∗)
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